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A nanomedicina é a aplicação da nanotecnologia na área da saúde. Uma das 
aplicações que tem se destacado é o uso carreamento de ácidos nucleicos para 
fins terapêuticos, com objetivo de reparar sistemas biológicos. Essa terapia 
possibilitaria, por exemplo, novas formas de tratamento para doenças que as 
terapias convencionais não são eficientes. Para tal, se faz necessário a modificação 
genética de uma célula, processo conhecido como transfecção. Essa técnica é 
utilizada para o estudo das funções de proteínas e vias de sinalização celular, 
através do silenciamento da expressão proteica ou a expressão de genes 
mutantes ou proteínas recombinantes. Para que o material genético promova tal 
efeito biológico, nanocarreadores se fazem necessários. Após internalização, o 
complexo de nanopartículas com material genético inicia o tráfego intracelular. 
Para haver um entendimento mais profundo sobre os mecanismos moleculares de 
transfecção é necessário: uma maior compreensão das nanopartículas (isto é, da 
estrutura e características físico-químicas do nanocarreador), assim como essas 
nanopartículas interagem com processos biológicos, como internalização e 
tráfego intracelular. Desta forma o objetivo deste trabalho foi estudar o uso de 
nanopartículas lipídicas sólidas (NLS) para o carreamento de genes em células 
eucarióticas. Iniciamos o estudo revisando a literatura sobre o efeito do núcleo 
lipídico nas nanopartículas lipídicas para o carreamento de fármacos e de genes. 
Em seguida, otimizamos a formulação de NLS desenvolvida anteriormente através 
de um planejamento fatorial incompleto 23 e a formulação anterior como ponto 
central. Interessantemente, a formulação otimizada encontrada foi muito similar ao 
ponto central. Com isto, decidimos manter a formulação original no restante do 
estudo. Então, revisamos a literatura sobre como estudar a interação entre 
nanopartículas e células e, por fim, analisamos a internalização e tráfego 
intracelular de NLS em células HEK293T. Demostramos que as NLS são 
internalizada através da via dependente de clatrina, com pico de co-localização 
com esta proteína após 2h de internalização, seguindo para o lisossomo, com o 
pico de co-localização com a proteína LAMP1 após 6h de internalização. Então, 
mostramos que a acidificação endo-lisosomal é um dos fatores chaves na 





acidificação endo-lisosomal in vitro, evidenciando a liberação >80% do material 
genético em pH 4.0. Espera-se que este estudo amplie os entendimentos sobre as 
bases moleculares da transfecção e que possa ajudar no uso desses materiais na 
nanomedicina.  
 
Palavras chave: Nanopartículas Lipídicas Sólidas; Transfecção; Carreamento de 







Nanomedicine is the application of nanotechnology in healthcare. One of its 
applications is the use of nucleic acids for repairing biological systems. Such 
therapy would enable new forms for the treatment of diseases that conventional 
therapies are not efficient. To do this, genetic modification of cells is required, a 
process known as transfection. This technique used to study the function of 
proteins and cell signaling pathways, through protein expression silencing or 
expression of mutant genes expression or recombinant proteins. To nucleic acid 
promote such biological effect, nanocarriers are needed. After being internalized, 
the complex of nanoparticle and genetic material initiates the intracellular traffic. 
To reach a more in-depth knowledge about the molecular mechanisms of 
transfection, it is necessary a further understanding of the nanoparticles (i.e., 
nanocarrier structure and physical-chemical characterization) and how these 
nanoparticles interact with biological processes, such as internalization and 
intracellular trafficking. Therefore, the objective of this work was to study the use 
of solid lipid nanoparticles (SLN) for gene delivery in eukaryotic cells. We started 
the study by reviewing the literature on the effect of the lipid core of lipid 
nanoparticles for drug and gene delivery. Next, we optimized the SLN formulation 
containing DOTAP, stearic acid and Pluronic F68TM through an incomplete 23 
factorial design with the previously developed SLN formulation as a center point. 
Interestingly, the optimized formulation was very similar to the central point. With 
this result, we decided to keep the original formulation through the rest of the 
study. Then, we reviewed the literature on how to study the interaction between 
nanoparticles and cells. Finally, we analyzed SLN internalization and intracellular 
traffic in HEK293T cell line. We demonstrate that SLN are mainly internalized 
through the clathrin-dependent pathway, which co-localize peaked at 2h of 
internalization. Next, SLN reached the lysosome, where LAMP1 co-localization 
peaked at 6h of internalization. Subsequently, we show that endosome-lysosomal 
acidification is one of the key factors for DNA release from SLN. We simulated the 
endosome-lysosomal acidification in vitro, which evidenced the release of >80% of 





understanding of the molecular basis of transfection and may assist in the use of 
these materials in nanomedicine. 
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Capítulo 1 – Introdução 
 Segundo Toumey1, a nanotecnologia pode ser definida, em termos 
gerais, como o entendimento e o controle da matéria nas dimensões aproximadas 
dentre 1 a 100nm, levando a fenômenos únicos, que não são encontrados em 
escalas de tamanho maiores. Dentre estes fenômenos, destaca-se o aumento da 
área de superfície, aumento da reatividade e da capacidade elétrica de estocar 
cargas elétrica (capacitância) e a diminuição da condutividade térmica do 
composto em nanoescala, quando comparado com ao material bruto1,2. Fatores 
físico-químicos, como tamanho do nanomaterial, carga eletrostática (potencial 
Zeta) e a heterogeneidade das partículas (índice de polidispersão) estão 
associados com os comportamentos únicos dos nanomateriais2. Levando-se em 
consideração esses fatores, a nanotecnologia se tem se tornado um campo 
multidisciplinar que envolve física, química, biologia, engenharia e medicina e que 
tem possibilitado o desenvolvimento de novas tecnologias1,3-5. 
Devido a grande possibilidade de gerar inovação, tem se depositado 
grandes expectativas na nanotecnologia para solucionar problemas como, a crise 
energética, a esterilização de água e alimentos, a remoção de componentes 
tóxicos do ambiente e ser a cura do câncer6-8. Dentro destas áreas de aplicação da 
nanotecnologia, a nanomedicina tem se destacado por auxiliar no carreamento de 
fármacos de baixo peso molecular, ou mesmo de macromoléculas, como 
proteínas e ácidos nucleicos; tendo como objetivo monitorar e reparar sistemas 
biológicos minimizando efeitos colaterais, que muitas vezes limitam as aplicações 
das terapias convencionais9.  
Dentre as diversas aplicações na nanomedicina destacadas, o transporte 
de ácidos nucleicos se apresenta como uma alternativa às terapias convencionais, 
pois possibilitaria a modulação do metabolismo celular, seja pela modulação da 
expressão de proteínas específicas ou controle dos níveis RNAs (microRNA, 
lncRNA, etc), nas células causadoras das doenças10. A utilização dessa estratégia 
em organismos vivos é definida como terapia gênica. Esta terapia alternativa pode 
ser utilizada em diversas doenças de ordem genéticas, tanto congênitas (e.g. 
hemofilia11), quanto adquiridas (e.g. fibrose cística12 e câncer13). Entretanto, para que 






material genético para o tecido-alvo e, em alguns casos, até as células-alvo. No 
laboratório, é possível reproduzir esse fenômeno ao nível celular utilizando a 
técnica de transfecção. 
A transfecção é uma das técnicas de biologia molecular que tem sido 
utilizada para o estudo das funções e vias de regulação de genes e proteínas nas 
células. Ela pode ser utilizada tanto para o knockout dos genes de proteínas já 
expressas na célula (com a utilização de RNA interferente, por exemplo) quanto 
através da expressão de genes mutantes ou proteínas recombinantes14,15. Por isso, 
a técnica de transfecção é uma ferramenta muito útil para o estudo das funções 
de genes e proteínas, assim como suas regulações, permitindo o estudo de vários 
genes ou mutante, assim como a produção de proteínas recombinantes. Isto é feito 
através da maquinaria celular, inibindo ou aumentando a expressão de genes 
específicos, modificando-a geneticamente16. 
Contudo, devido ao tamanho da macromolécula e suas propriedades 
físico-químicas, os materiais genéticos utilizados apresentam baixa 
permeabilidade celular. Para superar tais barreiras, diversos métodos de 
transfecção podem ser utilizados, os quais podem ser categorizados como 
métodos físicos, químicos e biológicos17-20. Naturalmente, vírus são capazes de 
inserir seu material genético de interesse com alta eficiência e especificidade. A 
partir disto, os métodos biológicos foram desenvolvidos utilizando vírus 
modificados, também chamado de transdução. Contudo, a morte de uma pessoa 
atribuída a uma reação inflamatória devastadora ao adenovírus utilizado no 
tratamento em 1999 e o desenvolvimento de condições similares a leucemia em 
20% de crianças com imunodeficiência combinada grave ligada ao cromossomo X 
após o tratamento viral em 2002 alimentaram discussões sobre a segurança 
destes vetores21. Para evitar os problemas causados pelos métodos biológicos, os 
métodos físicos e químicos foram criados22. Os métodos físicos compreendem 
métodos nos quais o material genético é incorporado fisicamente à célula e 
incluem o uso de eletricidade (e.g. eletroporação23), de ultrassom (e.g. 
sonoporação24), de irradiação a laser25, injeção direta (e.g. microinjeção26), e 
métodos biolísticos (e.g. gene gun27). Entretanto, tais métodos são laboriosos e 






utilizam compostos químicos para facilitar a entrega do material genético22 e 
incluem métodos utilizando desde fosfato de cálcio28, até polímeros catiônicos 
(como em carreadores formados por polietilenoimina (PEI)29 ou quitosana30) e 
lipídios (como nos Lipossomas31). Entretanto, a principal desvantagem dos 
métodos químicos é apresentar eficiência de transfecção inferior aos métodos 
biológicos21.  
Com vistas a mitigar esta desvantagem, os métodos químicos de 
transfecção tem-se aliado com a nanotecnologia para o desenvolvimento de 
nanocarreadores mais eficientes do que os carreadores atuais. Dentre os 
carreadores desenvolvidos para este fim, as Nanopartículas Lipídicas Sólidas 
(NLS), tem se destacado por apresentarem baixa citotoxicidade, possibilidade de 
se utilizar lipídios biocompatíveis e/ou biodegradáveis17, produção em grande 
escala e alta estabilidade em comparação com os lipossomas10. As NLS são 
estruturas em escala nanométrica formadas a partir de nanoemulsões de óleo-
em-água. Usualmente possuem um diâmetro médio entre 50 a 400nm, e são 
produzidas a partir de lipídios, mais especificamente, um lipídio sólido a 
temperatura ambiente, e um tensoativo em meio aquoso32. Esta nanopartícula é 
estável em suspensão devido ao núcleo sólido envolto por uma camada 
solubilizante do tensoativo. Para o carreamento de genes, entretanto, as NLS 
normalmente são modificadas através da adição de lipídios catiônicos, os quais 
conferem à partícula a possibilidade de interagir eletrostaticamente com os 
materiais genéticos, os quais são predominantemente aniônicos em pH biológico33.   
Além das vantagens destacadas anteriormente, escolhemos estudar as 
NLS como carreadores de material genéticos em células eucarióticas, pois nosso 
grupo de trabalho anteriormente desenvolveu, patenteou (sob o número INPI BR 
10 2012 027330-6 A2) e publicou em literatura17 um método de produção, 
denominado “extrusão de microemulsão” conjuntamente com uma formulação 
inovadora de NLS para o carreamento de gene. As nanopartículas produzidas 
através desse método tem sido alvo das publicações do grupo nos últimos anos34-
37. Com isto, podemos dizer que o grupo de trabalho detém o know-how para a 







Entretanto, para melhor entender os mecanismos moleculares dos quais 
dependem o processo de transfecção mediado por carreadores químicos (em 
especial, por NLS), é necessário: 1) definir a organização e as características físico-
químicas dos nanocarreadores utilizados (no caso, da NLS), pois estes fatores que 
definem as propriedades únicas dos nanomateriais estão associados com seu 
comportamento. Além disso, características físico-químicas podem auxiliar no 
entendimento do papel biológico da NLS e como as células interagem com estes 
materiais; 2) determinar e eficiência de transfecção das NLS conjugadas com 
material genético (NLSplexo); 3) entender as interações deste nanomaterial com 
os sistemas biológicos envolvidos, no caso, a internalização e o tráfego intracelular, 
visando determinar quais os fatores que interferem na eficiência do processo. 
Portanto, o objetivo deste trabalho foi: 1) maximizar a eficiência de 
transfecção do NLSplexo a partir do ajuste da formulação inicial através de um 
planejamento fatorial; 2) determinar o mecanismo de interação desta formulação 
com células eucarióticas, mais especificamente, o mecanismo de internalização e 
o papel da acidificação endossomal para a transfecção em células HEK293T. Para 
atingir tais objetivos, iniciamos com uma revisão de literatura sobre nanopartículas 
lipídicas (NLS), abordando suas aplicações e discutindo como suas características 
físico-químicas, em especial a organização de seu núcleo lipídico, afetam o 
carreamento de fármacos e genes (Capítulo 2.1). A partir dos conceitos adquiridos 
desta revisão conjuntamente com o know-how do grupo, foi realizado o 
planejamento fatorial 23 incompleto com ponto central contendo a formulação 
desenvolvida anteriormente pelo método de extrusão de microemulsão de NLS 
com a finalidade de otimizar a eficiência de transfecção desse sistema (Capítulo 
2.2). Uma vez aprimorada a formulação de NLS para o carreamento gênico, 
retornamos à literatura para entender como avaliar a interação entre a NLS e 
células eucarióticas (Capítulo 2.3). Em seguida, estudamos os efeitos da 
internalização e da acidificação endossomal na transfecção de NLS carreando 
gene codificante para proteína fluorescente verde (Green Fluorescent Protein – 
GFP) em células modelo para transfecção HEK293T (Capítulo 2.4). Por fim, 
discutimos os achados desta tese juntamente com os resultados obtidos durante 






Francisco (UCSF) em conjunto com a Profa. Dr. Yvonne L. Kapila e propusemos 
perspectivas para possibilitar trabalhos futuros (Capítulo 3). Ao final do trabalho, 
apresentamos, em ordem cronológica, os resumos apresentados em congressos 








Capítulo 2 – Corpo da Tese 
 








































































Improving drug safety and efficacy of nanoparticles are important aims 
in nanomedicine [1,2]. In the last decade, a great number of different types of 
nanostructures have been used for delivering drugs, genetic materials, and as 
theragnostic agents. Some of these nanostructures have reached the market [3,4]. 
However, nanotechnology is still not a big part of the pharmaceutical and medical 
industry. Small companies and startups are the primary developers of 
nanotechnology-based products, and they are a growing part of the market [5]. This 
market sector is expected to see continued growth in the near future, because this 
area of research is at the forefront of nanomedicine research today [4]. 
Nanomedicine tools, such as drug and gene delivery systems, are a 
promising new technology for improving therapeutic efficiency and for 
overcoming drug development problems. It is noteworthy that although almost 
80% of new conventional drugs show promising results as pharmaceutics, they 
have limited use as therapeutics because of two main problems: they have high 
molecular mass and they are highly hydrophobic. These two characteristics 
severely limit their development as medicinal. These drugs are classified in the 
Biopharmaceutical Classification System as Class IV drugs, since they exhibit low 
aqueous solubility and low permeability. Furthermore, the high cost and lengthy 
processes involved in the development of new drugs compounds the problem. 
Thus, it would be less expensive, in terms of capital costs and time invested, for 
pharmaceutical companies to develop new carriers for existing Class IV drugs 
whose therapeutic efficacy are already well known. Additionally, structured 
nanocarriers can be designed with surfaces that are decorated with special 
molecules (antibodies, polyethylene glycols, folic acid, transferrin, etc.) that confer 
upon them unique abilities. For example, these molecules may mediate specific 
drug delivery to target organs with an improved therapeutic efficacy and an ability 
to evade the immune system. These decorated nanocarriers may evade Kupffer 
cells, which are specialized macrophages that are in the lining of the liver sinusoids 
and in the spleen, and other cells, which are part of the mononuclear phagocyte 
natural defense system also known as the reticuloendothelial system. For instance, 
stealth nanocarriers exhibit reduced opsonization, and thereby may elicit a reduced 






properties to reach the site of action on their own. This can lead to several 
problems, including undesirable adverse side effects and/or low efficiency due to 
low water solubility and low bioavailability [2,6,7]. Thus, nanosized drug delivery 
systems have been explored as an alternative to address some of these limitations 
[2]. For example, newer nanostructure delivery systems can improve drug 
pharmacokinetics, increasing the amount of drug at the target site [8]. In addition, 
improving some of their molecular properties facilitates drug design, which 
improves drug development. The cost of developing a new drug is approximately 
1.0-1.2 billion US dollars over 10-12 years. During this time, 5,000 to 10,000 potential 
new drugs are tested, 5 go into clinical trials, and only 1 is approved and marketed 
[9]. Therefore, alternative methods for development of new drug carriers or 
reformulation of pre-existing drugs are highly desirable, especially when treating 
diseases with a known genetic origin or that are highly resistant to treatment [10].  
Lipid-based colloidal carriers are among the nanostructures being 
employed to improve drugs already in clinical use. Liposomes were the first and 
most studied among these. Subsequently, several others have been developed, 
including cyclodextrins, dendrimers, nanoemulsions, nanosuspensions, 
nanocapsules, polymeric nanospheres, solid lipid nanoparticles (SLN) and 
nanostructured lipid carriers (NLC), to name a few. The SLN and NLC carriers are 
receiving much attention in the literature [2,11-14]. 
The advantages of using lipid-based colloidal carriers include their ability 
to provide protection of drugs against chemical degradation [12] and protection of 
genetic material against enzymatic degradation [15,16].  They are also well-
tolerated, meaning they are biocompatible and biodegradable, easily scaled up 
[12], easily sterilized [17,18] and they show long-term stability (over 3 years) [19,20]. 
In addition, there are several methods available for producing these carriers. The 
method that is selected is based on the needs of the application of the material 
[14,21-26]. Among these techniques, the high-pressure homogenization technique 
(HPH), described by Muller and Lucks [27], is the standard method for producing 
LN. Alternatives for producing LN on a laboratory scale [16] and for their 






Given their many advantages and the variety of production methods 
available, LN are well established as useful for drug [13,16,29-36] and gene delivery 
[16,37-39]. Therefore, this review will focus on LN, especially SLN and NLC, and in 
particular on the physicochemical aspects of these LN cores, and how the inner 
structures of these nanoparticles influence their role as drug and gene delivery 
systems. In addition, we will discuss some methods that could help to further 
elucidate the inner structure of LN. 
 
2.1.2. Lipid nanoparticles 
Among lipid-based colloidal carriers, LN are usually described as having 
a solid core coated with surfactant molecules. SLN are composed of a high melting 
point lipid, which is solid at room and body temperature [13,40,41]. Remarkably, this 
leads to a longer release time, as drug mobility in the solid core environment is 
lower than in a liquid lipid environment [42]. Additionally, LN have the advantages 
of liposomes and emulsions [12] without their drawbacks [12,13,43].  
However, the solid core composition of LN introduced a new challenge, 
namely, their high degree of crystallinity and organization decreased drug-loading 
efficiency and promoted instability. Therefore, to overcome these limitations NLC 
were developed [12]. NLC are composed of a mixture of solid and liquid lipid matrix 
coated with surfactant. This structural composition creates spatial imperfections in 
the solid core matrix lattices, which increases drug loading [43]. 
 
2.1.3. Structural organization of lipid nanoparticles  
By controlling LN composition, one can fine-tune nanoparticle size, 
surface charge, stability, and fluidity, which, in turn, can positively impact the 
therapeutic success of the formulation. Thus, LN composition formulations are 
directly linked to nanoparticle ultrastructure. LN ultrastructure can be divided into 
two layers: the external layer, commonly described as the co-surfactant, and the 
inner layer or core material [13,40,41]. 
In many cases, the exact composition of the nanoparticle surface is 
dictated by its final application (Figure 1). For example, nanoparticles designed to 
interact with biological systems will have suitable functional groups or ligands 






cationic LN are designed to deliver oligonucleotides. In fact, surface 
functionalization is critical for producing nanoparticles that exhibit specifically 
desired properties. Often nanoparticles lose their unique properties once they 
aggregate and precipitate from suspension. Thus, great effort has been expended 
in preparing nanoparticles that are stable in the media of choice. This usually 
involves preparing nanoparticles with a coating that prevents aggregation. 
Although the media can also contribute to nanoparticle stability via the presence 
of surfactants, pH alterations, and electrolytes, the coating can contribute to 
nanoparticle stability in solution either by steric or electrostatic effects. Steric 
effects are usually achieved by adding a physical barrier between the particle and 
its environment. For example, coating with polyethylene glycol (PEG) or PEGylation 
of nanoparticles decreases their interaction with plasma proteins, thus decreasing 
their uptake by cells of the reticuloendothelial system, such as the Kupffer cells in 
the liver and spleen. Although PEGylation of nanoparticles increases their systemic 
circulation time, their intracellular delivery is usually hampered. Electrostatic 
effects are achieved by tailoring the formulation to generate repulsive forces 
among the charges adsorbed to the particle surface. For example, LN can be 
produced using cationic lipids or by adding charged molecules, such as sodium 
citrate that will adsorb to the particles’ surface. 
Interactions of LN with their environment can significantly impact their 
biological role. When exposed to biological media, nanomaterials adsorb 
biomolecules, such as proteins, lipids and sugars. These adsorbed biomolecules 
form a surface layer known as a “corona” or crown of biomolecules, which critically 
affects the nanoparticle’s biological role. Meaningful progress has been made in 
understanding the protein corona and its formation around nanostructures, 
including work done on silica nanoparticles [44], graphene oxide [45], dendrimers 
[46], metallic nanoparticles [47,48] and liposomes [49]. The corona impacts both the 
nanoparticle’s stabilization and its biological applications. For example, the drug 
delivery profile of chemotherapeutic drugs was delayed when nanocapsules [50] 
were covered by a protein corona. A potential alternative to PEGylation that may 
be more biologically germane could be functionalization of styrene nanoparticles 






important in predicting the biological interactions of nanoparticles than their 
physicochemical parameters, including size, aggregation state, and surface charge 
[47]. Despite these reports, the role of the corona in LN biology is still largely 
unaddressed in the literature. All these LN interactions are summarized in Figure 1. 
 
 
Fig.1 - Surface modifications and possible interactions of a lipid nanoparticle from clockwise, 
surface functionalization (e.g., antibodies and peptides); oligonucleotides or gene delivery (e.g., 
DNA, RNA, etc.); coating modification (e.g., PEGylation); possible interactions with plasma proteins, 
protein corona (e.g., adsorbed proteins). 
 
Although the particles’ surface plays an important role in the 
nanoparticles’ biological activity and stability, the inner core determines several 
important nanoparticle characteristics. Focusing studies only on the surface 






are also affected by their core matrices. This is especially concerning since LN 
cores have been studied and explored less than LN surface characteristics. The 
latter have been modified using various biomolecules, including ligands and 
cationic lipids. Therefore, herein, we will discuss the importance of LN cores, such 
as composition, organization, and stability, among other things. In addition, we 
provide a rationale for how these features can impact LN design and application. 
 
2.1.4. The core of lipid nanoparticles  
Understanding the structure of nanoparticles can help to better tailor 
them to carry out a specific role. Typically, solid lipids used in LN formulations 
include triglycerides, fatty acids, waxes, paraffins and steroids [40,52]. These 
formulations are stabilized by surfactants, including soybean phospholipids, egg 
lecithin, sodium cholate, poloxamers, and tweens [40]. However, solid lipids can 
assume different spatial organizations, depending on their melting transition 
temperature (Tm).  
Whilst LN are quite stable structures, their core components exhibit 
complex dynamics. Crystallization of lipids can take place during cooling, which 
introduces a certain complexity to this system. Depending on the temperature and 
composition, they can assume varied conformations, such as liquid crystalline, gels, 
or crystalline lamellar phases.  
Lipid conformation or lipid polymorphism is one of the key characteristics 
to be considered in the rational design of lipid-based colloidal carriers for 
therapeutic applications [53]. Once heated, they can undergo structural changes, 
depending on their chemical structure. Structural features, including the alkyl chain 
length and presence of unsaturation, are important. Changes in the lipid structure 
as a result of changes in temperature are mainly related to the alkyl chain length, 
and not to the polar headgroup composition. Table 1 shows the main temperature 










Table 1. Phase transition temperature for some glycerophospholipids: 1,2-distearoyl- sn-glycero-3-
phosphocholine (DSPC); 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC); 1,2-dihexadecanoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) (DPPG); 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC); 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG); 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC); 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (DOPG). 
Lipid Transition Temperature (oC) 
DSPC (18:0 – 18:0) 55 
DPPC (16:0 – 16:0) 41 
DPPG (16:0 – 16:0) 41 
POPC (18:1 – 16:0) -2 
POPG (18:1 – 16:0) -2 
DOPC (18:1 – 18:1) -17 
DOPG (18:1 – 18:1) -18 
 
 
Lipids with polar heads tend to form a liquid crystalline phase (Lα), 
whereby the fatty acid chains are disordered and mismatched, allowing the 
deposition of drug molecules within the chains. Upon cooling, the lipid assembly 
can assume several gel phase states (Figure 2). As the fatty acid chains and 
headgroup start to organize upon decreasing temperatures, they start packing into 
a crystal-like structure, forming a more stable and ordered gel phase (Lβ).  
However, some mismatching might occur in this process in the lipid phase, leading 
to a tilted gel phase (Lβ’) or, depending on the tilting, an interdigitated or rippled gel 
phase. The crystalline lamellar phase (Lc), which is a true crystal lipid form, only 







Fig.2 - Schematic representation of phase transitions of lipids: (A) fluid lamellar phase (Lα), (B) gel 
phase (Lβ), (C) liquid crystalline phase (Lc), (D) gel interdigitated phase (LβI), (E) gel tilted (Lβ´), and 
(F) gel rippled phase (Pβ´). 
 
Lipid crystallization regulates three characteristics of SLN, namely, 
shape, stability and drug incorporation. With regards to SLN shape, lipid 
composition and lipid polymorphism determine how LN are organized. Upon 
heating, SLN that are made of a triglyceride suspension, retain a spherical 
geometry because of the liquid crystalline phase (Lα). During crystallization, SLN 
can assume a platelet-like pattern due to the stable gel phase (Lβ) [14,40,56-58] or 
a needle or “nano-spoon” NLC shape [59-61]. Depending on the type of solid lipid 
present in the core, spherical shape forms have also been reported in the literature 
[11,13,62]. Thus, LN shape also depends on the type of solid lipid and mixtures used. 
However, most SLN models in the literature are reported as being spherical, which 
may be an oversimplification. This may be problematic because the shapes of LN 






The shapes of LN also impact their stability. LN can face stability 
problems upon forming aggregates as a result of their lipid modifications. For 
example, SLN formulations composed of tripalmitin and tween 20 are affected by 
phase transitions [56]. The liquid crystalline phase (Lα) produces spherical-shaped 
SLN fully coated by surfactants. However, after cooling, gel polymorphic phases 
(Lβ´ and Lβ) produce non-spherical shaped particles, which are likely platelet-
shaped cores, and they are only partially coated by surfactants. These structures 
are unstable, leading to aggregation and ultimately precipitation. Thus, SLN 
stability can be improved by retardation of the Lα to the Lβ transition phase [56]. 
A widely discussed issue with LN cores is their low drug loading capacity 
and drug expulsion upon lipid crystallization. A high entropic phase (Lα) can 
accommodate large amounts of lipophilic drugs. However, this happens as long as 
the core remains in a fluid lamellar phase, where the long lipid chains are 
disordered. As previously discussed, upon cooling, a more stable and lower energy 
phase is reached. This leads to the organization of the long lipid chains into crystal-
like structures. In this scenario, the lipid chains are tightly packed and have less 
space to accommodate drug molecules. When this occurs, drug loading is 
decreased, leading to low entrapment efficiency. Nevertheless, if this occurs 
during storage, the drug is expelled from LN. This is usually described as a burst 
release [12,27,63]. 
The crystallization can start from the inner core or from the surface of the 
LN. Depending on the length of the surfactant chain, the nucleation process can 
start at the core, as for high melting point lecithin [63,64]. Therefore, a deeper 
understanding of the relationship between the structural arrangements of lipids 
and the biological applications of LN could potentially uncover new strategies for 
the design and manipulation of core composition formulations to achieve higher 
efficacy [63]. In summary, lipid polymorphism is a primary factor dictating the 
structural core elements of LN, which, in turn, are influenced by factors that include 








2.1.5. Lipid nanoparticle cores in drug delivery 
 
SLN cores in drug delivery 
Typically, the cores of SLN are composed of a solid lipid core coated by 
surfactant molecules [65]. This is the basic model of SLN, as represented in Figure 
3A. However, some modifications may occur after cooling, such as incorporation of 
supercooled melts or gelation processes [66]. Although it is important to 
understand the complexities of SLN cores for various applications, detailed 
characterization of most formulations remains elusive. 
Similarly, the properties underlying surfactant coatings on the surface of 
SLN have been minimally addressed in the literature. The oil-in-water 
microemulsions concept states that a surfactant monolayer separates the oil 
droplet from the bulk of the water [67-70]. This concept has been applied to SLN 
[71-73], but there is minimal supportive evidence of its applicability to SLN. 
Nonetheless, the classic model of SLN (Figure 3A) has been proposed around this 
hypothesis, and only one publication has been put forth trying to dispel this 
concept [65]. The article states that the amount of phospholipid used in some SLN 
formulations is higher than the theoretical amount required to form monolayers. 
Thus, these particles should have at least one double layer of surfactant around 
their lipid cores [65]. As shown in Figure 3B, the implication is that minimal amounts 
of water will be associated with the head groups of phospholipids in this surfactant 
bilayer [65]. Heiati et al (1996) [65] found that a phospholipid:triglyceride ratio 
greater than 0.15 leads to the formation of multiple phospholipid bilayers (Figure 
3B). Consequently, the amount of associated water was proportional to the amount 








Fig.3 - Schematic representation of the SLN models. (A) Classical SLN model, containing a solid 
core and a surface covered by a surfactant monolayer. (B) Bilayered SLN model, containing the 
solid core and a surface covered by at least one lipid bilayer. The inset shows two phospholipid 
bilayers with a thin layer of water between them 
 
Therapeutic cargo, such as small molecules, peptides, and proteins, can 
have a range of solubility in the lipid phase. The rule of thumb is that these 
molecules are not easily solubilized in organized lipid phases, such as crystalline 
structures. Instead, they are more prone to solubilization in less organized lipid 
phases, such as fluid-like phases [12,42]. Likewise, physicochemical properties of 
the cargo molecules, such as hydrophobicity, also contribute to their incorporation. 
Three models are used to describe the incorporation of therapeutic molecules into 
SLN: homogeneous dispersion in the matrix, a drug-enriched shell, and a drug-
enriched core. 
The monolithic organization of SLN sets them apart from other lipid-
based colloidal carriers. This structural motif enables efficient drug encapsulation, 
physical and chemical stability, the possibility of prolonged and sustained drug 
release [13,14,74,75], and the prevention of drug degradation [12]. However, lipid 
crystallization has a direct impact on drug entrapment and release. The relationship 
between drug entrapment, release, and lipid phase modifications has been 









Types of drug incorporation in SLN 
The miscibility of drug melting and lipid melting dynamics remains an 
important component for maximizing drug entrapment in SLN [42,76,77]. These 
properties can lead to different types of drug interactions with SLN, including 
adsorption, entrapment or dissolution [77,78]. As stated previously, there are three 
types of drug entrapment models for SLN: homogeneous distribution in the lipid 
matrix, a drug-enriched shell, and a drug-enriched core (Figure 4) [12].  
 
 
Fig.4 - Schematic representation of the three models for drug entrapment in LN matrix. (A) 
Homogenous matrix model, the drug is homogeneously distributed in the matrix. (B) Drug-enriched 
shell, the drug is distributed on the surface of the particle. (C) Drug-enriched core, the drug is 
distributed in the inner core of the particle 
 
Homogenous matrix distribution is the simplest model of drug 
entrapment (Figure 4A). During heating, the drug is dispersed into the matrix and 
remains there upon cooling. Usually, this type of homogenous distribution is 
obtained using either cold homogenization to produce the SLN formulation or 
incorporating high-lipophilic drugs using hot homogenization [12]. Mullik et al [79] 
and Padhye et al [80] described that curcumin and simvastatin are completely 
dispersed into the SLN matrix due to the melting of the drug into the lipid. In this 
case, in particular, a careful investigation must be conducted to evaluate the 
presence of supercooled melts [66]. 
In the drug-enriched shell model, the drug molecules are either 
completely or mostly found at the LN surface (Figure 4A). Two reasons could 






drug being partially expelled. Alternatively, if the drug solubility in the core is low 
due to its moderate lipophilic or amphiphilic nature, the drug molecules would 
again be excluded from the core and relegated to the shell (Figure 5). In this last 
case, upon heating, the drugs may diffuse into the bulk water, since their water 
solubility increases with temperature. Upon cooling, their water solubility 
decreases, and they become accommodated in the lipid phase. However, if the 
core crystallization has already been initiated, the drug can only reach the 
surfactant coat (shell) [12,63]. For example, Salminen et al. [63] showed that vitamin 
A becomes entrapped in drug-enriched shells of SLN formulations that are 
composed of the solid lipid tristearin and the surfactant Quillaja. The authors 
suggested that during production of SLN, vitamin A solubility increased, leading to 
incorporation of the drug onto the surface of the SLN. This implied that vitamin A 
was susceptible to oxidation and early expulsion. In both situations, the SLN 















Fig.5 - Model for the drug distribution upon heating (A) and cooling (B) during SLN production. (A) 
Upon heating, the high temperature needed to melt the solid lipid, increased drug solubility. This 
leads to drug solubilization into bulk solution, instead of being entrapped into the amorphous SLN 
core. (B) Upon cooling, the drug solubility decreases, moving to a more hydrophobic environment 
(SLN matrix). The crystallization of the solid lipid compared to the drug crystallization determines 
how the drug is going to be distributed in the particle matrix. Late crystallization of the lipid leads to 
the drug deeper distributed in the particle (i.e., drug-enriched core model), while for early 
crystallization of the lipid leads to the drug more superficially distributed (i.e., drug-enriched shell 
model) 
 
The drug-enriched core is the third type of SLN drug entrapment model. 
In this model, the drug is found completely inside the nanoparticle, most likely due 
to its high level of hydrophobicity. For a solid drug, its lipophilicity increases 
precipitation into the core [12]. Usually, this type of entrapment leads to a drug 
release profile governed by Fick’s law of diffusion [12]. 
In conclusion, the core of SLN plus the physicochemical properties of the 
drug being incorporated are both responsible for the drug delivery characteristics, 
including drug incorporation and release profiles. High melting point lipids may 
direct drugs toward core-enriched drug incorporation and prolonged release 
profiles, whereas lower melting point lipids may direct drugs toward shell-enriched 
drug incorporation and earlier release profiles, and lower physical and chemical 






suit the application. Taken together, the composition and organization of SLN cores 
play an important role in drug delivery.  
 
The cores of NLC in drug delivery 
Nanostructured Lipid Carriers (NLC) were developed to try to overcome 
some of the known limitations of SLN. Among these limitations, low drug payload 
and drug expulsion during storage are the more important. These problems are 
mainly due to the formation of crystalline lattices upon cooling, as a result of lipid 
phase modifications [12]. In light of these concerns, NLC were developed, whereby 
addition of oil to the formulation prevented crystallization of the nanoparticle core 
[12].  
NLC are composed of a blend of, at least, two lipids: one solid, as in SLN, 
and one liquid, which should improve drug incorporation and retention [12,43]. 
Experimentally, a decrease in melting point relative to the bulk lipid, as detected 
by microcalorimetric assays, indicates mixing between the solid and the liquid lipid 
[12,75]. The higher the disorganization of the core, as a result of the liquid lipid, the 
greater the increase in the drug payload [74,75,81]. The liquid inside the solid core 
can lead to the creation of different types of NLC, including those with an imperfect 
crystal lattice (Type I), those with multiple liquid oil droplets (Type II), and those with 
an amorphous matrix of solid and liquid mixtures, that result as the liquid fraction is 
increased (Type III), [12]. These three models are depicted in Figure 6, compared to 
the classic or perfect crystal structure that defines the SLN model (Figure 6A).  
Despite all the data regarding these models, NLC structure is still a 
matter of debate [61], underscoring the need for more studies to better understand 
the relationship between the solid and liquid phases of NLC cores. 
 
Types of drug incorporation in NLC 
Similar to SLN (Figure 6A), there are three models to explain drug 
entrapment inside NLC. Drugs become incorporated inside the crystal defects, 
inside the oil droplets or inside the amorphous core [74,82-84]. 
The first model assumes that the drug becomes incorporated into the 






addition of a small amount of liquid lipid, intended to create certain defects in the 
solid matrix. This, in turn, increases drug-loading capacity when compared to SLN 
[12], since mixing small amounts of spatially different lipids increases the drug 
payload capacity [85]. However, the disadvantage is that this model provides the 
lowest entrapment efficiency among the NLC models. Nonetheless, this type of 
NLC can still lead to fast drug expulsion and burst release [86]. 
The second model assumes that the drug becomes incorporated into the 
multiple oil droplets inside the solid core (Figure 6C). Increasing liquid lipid content 
beyond its solubility induces its separation from the solid lipid, forming multiple oil 
droplets inside the core. Compared to the first model, this model produces a higher 
drug entrapment efficiency due to higher lipophilic drug solubility in the liquid 
phase [12]. Although this model predicts that drug expulsion or burst release will be 
prevented [82,84], there are still reports of drug expulsion, which are likely related 
to drug enrichment in the liquid near the NLC border [87-89]. In this model, drugs 
are primarily accommodated inside the oil “droplets”, but their release is still 
governed by the solid core, thereby leading to a longer drug release profile 
[12,74,90]. 
The third model assumes that the matrix is solid and amorphous (Figure 
6D). This matrix can be attained by adding special lipids, such as hydroxyl 
octacosanyl, hydroxyl stearate, and isopropyl myristate. These lipids are soluble in 
the solid matrix, forming an amorphous, homogeneous, but still solid matrix. In this 
case, lipid crystallization is avoided while retaining the solid core [12,42,82,83]. The 
drug is incorporated homogenously into the matrix, minimizing drug expulsion 
[12,84]. Some physical-chemical instabilities upon storage have been described for 
this model [86]. 
There is a special type of multiple oil droplet model called a “nano-
spoon” (Figure 6E). This structure emerges when all oil droplets fuse into a larger 
oil deposit between the solid core and the surfactant layer, forming a spoon-like 
shape [59-61]. 
Therefore, the NLC core composition, especially the type and amount of 
liquid oil added to the core, determines the drug incorporation and release profile 






accommodation sites (fewer defective lattices), which leads to a more prolonged 
release profile. Higher liquid oil content leaves NLC with higher drug 
accommodation sites (creating small droplets of liquid oil inside the solid core), 
which promotes an earlier release profile. Using special liquid oil results in an 












Fig.6 - Schematic representation of models for drug entrapment in NLC matrix. (A) Homogeneous 
matrix model. (B) Imperfect crystal structure due to addition of a liquid lipid in a matrix composed 
of solid lipid. (C) Multiple oil droplets due to phase separation inside the solid core. (D) Amorphous 
matrix. (E) Fused multiple oil droplets near the border of particle 
 
2.1.6. The core lipid nanoparticles and gene delivery  
Most drug delivery systems are focused on keeping drug levels within 
the therapeutic window for longer times, but not necessarily on targeting drugs for 
intracellular delivery (for revision of intracellular drug delivery see [91]). Conversely, 






(e.g., siRNA), and for some approaches, it is necessary to deliver the cargo inside 
the nucleus (e.g., pDNA). This difference in definition has important implications for 
drug and gene delivery systems.  
Although it was previously believed that nanoparticles could fuse with 
the plasma membrane, currently few data support this hypothesis. In fact, cells 
take up nanoparticles by a phenomenon called endocytosis. Endocytosis is the 
process by which cells take up nutrients, hormones, and plasma membrane 
constituents, such as membrane receptors. Interestingly, this pathway leads to the 
entrapment of the cargo within vesicles called endosomes. From a therapeutic 
perspective, this is unfavorable because the cargo gets degraded within acidic 
compartments filled with lytic enzymes. Therefore, escape from endosomes is 
imperative for the success of LN-mediated gene delivery. 
Among LN, only SLN complexes with oligonucleotides or SLNplexes 
have been extensively characterized and tested. Few articles have differentiated 
these gene delivery systems from other lipid carriers. LN have been extensively 
used as in vitro and in vivo gene delivery systems. For the proper adsorption of 
oligonucleotides, LN must contain cationic lipids with specific formulations, such 
as 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 
dimethyldioctadecylammonium (DDAB) and 1,2-di-O-octadecenyl-3-
trimethylammonium propane (DOTMA), N,N-di-(b-stearoylethyl)-N,N-dimethyl-
ammonium chloride (Esterquat 1, EQ 1), benzalkonium chloride (BA), 
cetylpyridinium chloride (CPC), cetyltrimethylammonium bromide (CTAB), 
stearylamine, 3beta [N-(N0,N0-dimethylaminoethane)carbamoyl] cholesterol (DC-
Chol), or 6-lauroxyhexyl lysinate [26,39,92-94]. In this fashion, oligonucleotides are 
adsorbed onto the LN surface by electrostatic interactions [16,39]. Cationic LN have 
been used recently to deliver oligonucleotides (e.g., pDNA, siRNA, microRNA) in 
vitro and in vivo (e.g., to skin [92,95], eye [11], cornea [96] and cancer cells [16]). 
The mechanisms responsible for transfection by LN, including the role of 
endosomal membrane destabilization, are still unclear. For cationic liposomes, 
hexagonal and inverted hexagonal phases are considered responsible for the 
endosomal membrane destabilization. This process can be facilitated by inclusion 






lipids in SLN formulations have no effect or are detrimental to transfection 
efficiency [19,97]. 
Although the mechanisms underlying LN-mediated transfection are still 
unclear, several lines of evidence indicate that the cores of LN play an important 
role in their gene delivery properties. First, the cores seem to promote stability to 
different LN formulations, from 6 months up to 2 years [15,19,98]. Second, the lipid 
core, through some unknown mechanism, increases LN intracellular stability, as 
evidenced by the lower release rates and maintenance of longer effects of the 
gene delivery properties, compared to liposomal formulations. For example, the 
knockdown of survivin using liposomal formulations led to three days of 
knockdown, whereas SLN formulations afforded up to nine days of knockdown 
[99]. Third, some authors have speculated that perturbation or degradation of the 
core is key to the drug delivery and gene delivery properties of LN [100]. Lastly, 
cationic lipids greatly impact the transfection efficiency of LN, but this activity can 
also be modulated by the composition of the core [73]. Furthermore, a 
complementary combination of cationic lipids and core lipids is key to optimizing 
LN properties for good gene delivery systems. Therefore, it would be informative 
to investigate the effects of core lipid organization (i.e., lipid polymorphism) on 
transfection efficiency. 
 
2.1.7. Lipid core limitations 
 
Drug expulsion effect 
Drug expulsion is the most problematic phenomenon of SLN. The drug is 
expelled from the lipid nanoparticle after its core rearranges. Expulsion effect, also 
known as burst release, is the expulsion of the drug due to lipid crystallization. It 
usually happens when lipids change from a less stable phase (Lα or Lβ’) to a more 
stable phase (Lβ). Several studies report this effect [12,14,101-106], which depends 
significantly on the crystallinity of the LN core [13,107]. Expulsion effect is inversely 
correlated to lipid crystallinity [12,102,106]. Though this phenomenon is mostly 
observed for SLN [14], NLC also commonly exhibit an initial drug expulsion followed 






core crystallizes in a higher energy lipid phase (usually Lα or Lβ’) [12]. After storage 
for several hours and up to a few days, these crystal lattices rearrange to form a 
more thermodynamically stable phase modification (Lβ) [12,14,75]. As a result of this 
phase modification (Lβ) and high degree of order, the number of imperfections is 
reduced. This results in insufficient room to accommodate the crystal lattices or to 
incorporate the desired drug content, thereby leading to expulsion of the drug from 
the lipid nanoparticle, as shown in Figure 7 [12,14,102-106]. Though this is the most 
accepted hypothesis for drug expulsion [102], this complex issue likely also 
involves attributes of the lipid solid and core, its production temperature, and the 
drug physical-chemical properties. 
 
 
Fig.7 - Schematic representation of the mechanism for drug expulsion after lipid polymorphism 
from low to high crystallinity modifications during storage. During heating, the lipids are in a fluid 
lamellar (Lα) phase. Upon cooling, the lipids changes to the gel tilted phase (Lβ´), a more ordered 
phase, leading to partial drug expulsion. Upon storage, the lipids tend to reach a more ordered 
phase, the gel phase (Lβ) and the drug is nearly completely expelled from the LN 
 
From all the reports discussing this phenomenon, only a few attempts to 
understand its basis. These articles state that the production temperature, a drug’s 
incorporation site and water solubility, and the surfactant content are all involved 
in the drug expulsion effect [12,13,62,77,102,105]. 
The production temperature and a drug’s water solubility and 
incorporation site are all interrelated factors. LN production temperature is directly 
related to the specific characteristics of the core’s lipid, because the higher the 
lipid’s melting point, the higher will be the production temperature. As this 
temperature increases, so does the drug’s water solubility, thereby increasing the 






solubility decreases, oversaturating the water phase and sending drug molecules 
back into the lipid phase. However, at this point, the solid lipid has already initiated 
its crystallization, leading to shell-enriched SLN [12]. Additionally, the higher the 
amount of surfactant, the more pronounced the burst release. Surfactant increases 
drug solubility during the heating process, thereby forming drug micro and 
nanoemulsions and leading to a more pronounced shell-enriched SLN[12]. 
In addition to the initial burst properties noted for SLN, they also exhibit 
prolonged release kinetics. For example, in a given study, the initial burst explained 
the release of 40% of an incorporated curcuminoid in the first 10 h [109], whereas 
the majority of the drug content exhibited a prolonged-release of up to five days. 
This suggests that the majority of the curcuminoid content was entrapped in the 
SLN core, whereas the curcuminoid released in the initial burst was due to that 
adsorbed or that in the SLN shell [13,109-111]. This biphasic drug release profile 
(initial burst release, within a few minutes to several hours, followed by a prolonged 
release) is often related to hot temperature production techniques and not to cold 
temperature processes [12,105,112,113]. Therefore, this release profile is related to 
poor drug distribution inside LN and can be described by the shell-enriched drug 
incorporation model [77,105]. Unfortunately, this issue still remains a challenge for 
LN-based drug delivery systems [102]. 
 
Gelation 
Gelation, which also remains a poorly understood phenomenon, is the 
process by which lipid core recrystallization is retarded, leading to the formation of 
a viscous gel [14]. This retardation can take from several weeks to months [20,114], 
resulting in a rapid and unpredictable SLN aggregation. 
The lipid core contributes significantly to gelation. For example, structural 
changes within the lipid phase leads to insufficient coating of platelet-like lipid 
cores by surfactants [14,56,115], as reflected by their low Zeta potential absolute 
values [116]. Since these lipid cores do not have a sufficient surfactant coat, they try 
to reach proximal lipids and surfactants to enhance their stability under bulk water. 
During this process, the lipid fully crystallizes into an Lβ’ phase [20], reducing lattice 






Several other mechanisms seem to be involved in accelerating the 
gelation process [14,20]. Most of these mechanisms are thought to promote or 
induce high particle collisions and aggregation. Studies have shown that high lipid 
content promotes gelation, whereas reducing the lipid content from 10% to 5% or 
2% inhibits gelation for 2 weeks [14,20,117]. Other mechanisms, such as a high 
production/storage temperature, increasing storage time, and the presence of 
light or shear stress are thought to promote an increase in a nanoparticle’s kinetic 
energy, favoring its collisions and aggregation [14].  
Zeta potential might be a good predictor for this phenomenon [14]. 
Riddick et al, 1968 [118] stated that a Zeta potential greater than |30|mV is required 
for good physical stability. During gelation, Zeta potential might decrease to |15|mV 
or less, indicating loss of LN electrostatic repulsion [20,116].  
However, gelation is not only promoted by particle-to-particle contact, 
but also by particle-to-vial contact [20], especially with glass containers [114,116]. 




Supercooled melts are solid lipids that remain melted at temperatures 
below the melting point. These types of lipids usually include alkanes, such 
eicosane, or other lipids with moderate melting points (40 ºC to 50 ºC), such 
Softisan 601, which is a mixture of palmitic and stearic acylglycerols [90,102,120,121]. 
This process happens because a certain number of nucleation sites must be 
crystallized to achieve full crystallization [14,122]. This critical number is less likely 
to occur in nanosized particles [14], and the melting point is closer to room 
temperature. Due to small particle size and surfactant used in LN formulations, 
supercooled melts can be induced in these materials and they may remain stable 
for several months [14,66,115,123]. This phenomenon of supercooled melts can be 
detected using differential scanning calorimetry analysis, wherein there is a 







Although not unusual for SLNs [14,123], only a few articles have explored 
this phenomenon. Thus, this process and relevant discussions have been 
neglected in SLN formulations and designs [14]. The process of supercooled melts 
can influence drug delivery, because as the lipid remains melted at room 
temperature, there are more defects in the lipid core. Since this effect can remain 
for a long time (weeks or even months), drug expulsion can be delayed. Although 
physical and chemical instabilities may influence this phenomenon, the precise 
effects of a supercooled core remain to be determined. 
 
2.1.8. Techniques to study the core of lipid nanoparticles 
There are several experimental techniques used to characterize the 
structure of LN. First, we should keep in mind that there are, at least, two levels of 
organization for LN: one focuses on the whole size and shape of the LN and the 
second on its internal structure or the LN core organization. In order to capture the 
overall shape and size of LN, one can use light scattering techniques, such as 
dynamic light scattering (DLS) [125] and static light scattering (SLS) or even optical 
microscopy, depending on the size of the LN. Nevertheless, for in vivo applications, 
one should bear in mind that particles larger than 5 µm must be avoided, because 
they can block capillaries and cause embolism [125][126]. Thus, knowledge of LN 
size is of vital importance for LN use and applications. 
 
Dynamic light scattering  
One of the most important techniques used to characterize LN is DLS 
[125,127]. Figure 8 shows a simple schematization of a typical DLS experiment. The 
technique is based on the scattering of light (in the visible range) due to its 
interaction with the electrons that compose the scattering particle. The number of 
photons scattered at a certain position (generally 90°, but one could use any 
desired angle) will depend on the number of particles inside the so-called 
illuminated volume (green in Figure 8). Due to the geometry of the equipment, only 
the photons scattered in that illuminated volume will reach the detector (Figure 8) 
and be analyzed. Moreover, due to the Brownian motion (random movement) of 






inside such a volume will fluctuate. Those fluctuations in the number of scattering 
particles, will, in turn, give rise to the fluctuations in the scattered light intensity. 
Therefore, the so-called self-correlation function is constructed from those light 




Fig.8 - Schematic representation of dynamic light scattering (DLS). Laser beam and LN size are not 
in scale 
 
It is important to bear in mind that DLS does not measure particle size 
directly, instead it measures the particle-induced light fluctuation at a specific 
angle. It is possible to relate the self-correlation function with the diffusion 
coefficient, if the Brownian motion (due to thermal fluctuations) is the only 
component responsible for particle movement; meaning there should not be any 
other force acting on the particle, such as particle-particle interactions. Of course, 
this does not consider gravity and buoyancy forces, because in a colloidal system 
those forces should have the same modulus and opposite directions. If this were 
not the case, the particles would go to the top or the bottom of the flask.  
As mentioned previously, by using mathematical and physical 






diffusion coefficient. Finally, the diffusion coefficient can be related to the radius of 
the spheres using the well-known Stokes-Einstein equation, and some 
approximations must be considered. Thus, it should be noted that sometimes the 
method that is chosen to conduct a given analysis, such as DLS, does not always 
fulfill all the requirements to evaluate the LN diameter. In such cases, others 
analytical methods should be considered, such as cryo or conventional 
transmission electron microscopy (TEM).  
In order to avoid DLS data misinterpretation, the system under study 
must be in a diluted state and preferentially monodispersed. This can be verified 
by measuring the studied system at different concentrations and plotting the 
diffusion coefficient against LN concentration. If no particle-particle interaction 
takes place, a constant value should be obtained, regardless of the particle 
concentration. However, if a trend is observed such that the diffusion coefficient 
parallels changes in the particle concentration, DLS should be avoided or the 
particle concentration should be decreased if possible. 
 
Small angle X-Ray scattering  
With regards to the LN core organization, where the lipids may have a 
tight conformation, there are not many experimental techniques that can be used 
to make inferences about its organization. For instance, X-ray (or neutron) 
scattering (or diffraction) or even electron microscopes (EM), such as transmission 
electron microscopes (TEM) and cryogenic-EM can be used to access the LN’ inner 
structure. All of these techniques have advantages and disadvantages, and herein 
we will focus on the small angle X-ray scattering (SAXS) technique.  
SAXS is a powerful tool that can be used to study the inner structure of 
LN, because it can be performed in solution or even simulate the natural 
environment conditions where the LN will be used. In other words, SAXS can be 
applied to different environmental conditions, such as wide pH, temperature, 
pressure, and ionic strength ranges. There are indeed some disadvantages to using 
high-flux X-ray sources (i.e. synchrotrons), such as sample damage as a result of 
the ionizing radiation. To determine if the sample has undergone radiation damage, 






determine if the measurements are consistent or if they’ve changed. If radiation 
damage has taken place as a result of the SAXS curves, one generally observes an 
increase in the scattered intensity at small angles. If this is the case, it is better to 
decrease the exposure time for each frame, to the point where there are no 
significant changes between two consecutive frames.  
SAXS can be used to detect very small changes in lipid organization. In 
fact, there are several SAXS-based studies in the literature showing that lipids can 
have different morphologies depending on hydration, pH, temperature, and ionic 
strength characteristics. In solution, or inside a LN, lipids can assume different 
arrangements, such as lamellar, hexagonal or even different cubic forms [128]. For 
example, Souza et al. used SAXS, DLS and DSC to study the effect of incorporating 
praziquantel (PZQ) into the inner structure of SLN, which were comprised of an oil-
in-water microemulsion [129]. The authors noted that in the absence of PZQ the 
SLN had a lamellar structure, with a repeating distance of ~3.9 nm. The presence 
of PZQ induced the appearance of a second lamellar structure, with a different 
repeating distance ~2.9 nm. Taken in aggregate, these data and the data derived 
from the DSC experiments indicate that PZQ can be incorporated into the core of 
the particles without dramatically changing the particle diameter [129].  
The SAXS technique is based on the scattering of X-rays that results from 
their interaction with the electrons that comprise the scattering particle. In some 
cases, such scattered waves can exhibit interference in a constructive way. 
Specifically, if there is some kind of repetition in the studied system, such as the 
presence of crystals, then diffraction occurs. Repetition here is understood as a 
specific kind of structure that is repeated in at least one direction. In the simplest 
case, imagine a one-dimensional crystal, where there is only one repetition in only 
one specific distance. This is the case of multi-lamellar (ML) structures, such as the 







Fig.9 - Schematization of a multilamellar (ML) structure 
 
ML structures are not the only ones found in LN particles. For instance, in 
a recent study, Mazzoni et al. used SAXS to determine that the presence of 
cytochrome-c can change the arrangement of the cubic structure of monoolein 
[130] at different pressure and temperature settings. Therefore, SAXS can be a 
useful tool for analyzing the inner structures of LN particles.  
There are several examples in the literature wherein authors have used 
SAXS to characterize the inner structure of lipid nanoparticles. The aim of the 
present review is not to address them all in detail, but to inform the reader about 
the possibilities for the structural characterization of LN particles. The reader is 
encouraged to look at other sources in the literature for more information regarding 
the details of each experimental technique. 
 
Fluorescence spectroscopy  
One powerful technique that can be used to probe the organization of 
the core structure of LN is fluorescent spectroscopy. To do this, an exogenous, 






The aqueous solubility of pyrene at 25°C is only 0.135mg/L. At an excitation of 
310nm, pyrene has a fluorescence emission spectrum that is characterized by five 
major vibronic bands at 373nm (band I), 379nm (band II), 383nm (band III), 389nm 
(band IV) and 393nm (band V). The ratio of the intensity for band I/III is directly 
proportional to the polarity of the environment where the probe is present. When 
dissolved in cyclohexane, for example, the quantum yield of monomeric pyrene is 
approximately 0.60 band I/III ratio and its fluorescence lifetime is approximately 
450nsec. Depending on the concentration and polarity of the environment where 
the probe is present, pyrene can also form a sandwich excimer that shows a 
structureless fluorescent spectrum with a maximum at 470nm, whose intensity is 
directly related to the probe concentration.  
Fluorescence spectroscopy is a highly sensitive technique that enables 
the use of a small amount of probe without disturbing the core structure. For 
pyrene, a typical concentration is approximately 1μM or less. Fluorimeters are less 
expensive than other analytical or imaging instruments, and they are robust, require 
low maintenance, are very easy to operate, and provide very fast measurements.  
With a Peltier accessory, it is possible to change the sample temperature, and this 
can provide a wealth of information not readily obtained with other techniques.  
With fluorescence spectroscopy, the fluorescence spectra, excitation 
spectra, fluorescence lifetime, degree of anisotropy (polarization) and rotational 
correlation time (time dependence decay of the fluorescence anisotropy), and 
fluorescence quenching (static and/or dynamic) of the core molecules can all be 
measured. In addition, it is also possible to obtain information about the polarity of 
the lipid cores and aggregation of the probe (monitoring excimer formation) and its 
fluorescence lifetime. Several drug molecules are intrinsically fluorescent and can 
also be used as probes to investigate the core organization of LN. In this case, 
monitoring the time resolved fluorescence spectrum of the drug can provide 
information about any core modifications and about the diffusion of the drug. It is 
possible to propose models for drug release kinetics, which can be correlated with 
the drug delivery and storage time. Several other fluorescence probes for specific 
applications are available from chemical companies, such as Molecular Probes or 






Computer simulations for studying lipid nanoparticles (LN) 
As clearly depicted above, LN are highly complex systems comprised of 
more than one component. They are nanostructures and clearly belong to soft 
matter. LN have static as well as dynamic structural elements as a result of the 
kinetic changes afforded by their supramolecular organization. These two 
characteristics make the structural study of LN especially difficult [14].  
Several physical-chemical methods have been used to determine LN 
parameters, such as particle size and degree of crystallinity or coexistence of other 
structures. Among them, there is photon correlation spectroscopy (PCS), laser 
diffraction (LD), electron microscopy (EM), atomic force microscopy (AFM), field-
flow-fractionation (FFF), differential scanning calorimetry (DSC), X-ray scattering, IR 
and Raman spectroscopies, rheometry, nuclear magnetic resonance (NMR), and 
electron spin resonance (EPR).  
Computer simulations have also been widely used in understanding both 
the structure and reactivity of molecules. Quantum chemistry and computational 
quantum mechanical methods [132], such as ab initio and density functional theory 
(DFT) have been largely used to understand and explain the structure and/or 
chemical reactivity of small molecules and proteins. In contrast, methods based on 
classical mechanics [133] or molecular mechanics have been used to reproduce 
and understand the structural properties of molecules of almost any size, such as 
conformational analyses and structure-reactivity relationships. Protein folding has 
been traditionally studied using molecular dynamics software based on molecular 
mechanics and dynamics [134].  
While most of the software based on either quantum mechanics or 
classical mechanics are deterministic, Monte Carlo methods [135] are stochastic as 
they attempt to reproduce Boltzmann distribution by randomly generating a large 
set of states, which will be accepted or rejected based on energy values and on 
random criterion (Metropolis sampling method). The system is considered to be in 
equilibrium when the Boltzmann distribution of the known states is reproduced, 
which usually requires thousands or millions of cycles. At this point, statistical 






In molecular dynamics [135], movement of molecules is simulated by 
assuming Newton’s laws of motion, which offer an acceptable model for the 
dynamics of molecules over short time-scales. The molecular dynamics simulation 
starts with an initial molecular geometry and a given temperature. The simulation 
registers the trajectories of all the atoms (positions along time, i.e. movements) 
produced by the energy afforded by the temperature and modulated by the 
intermolecular potentials used to evaluate the system energy. Simulation times are 
usually short when comparisons are made within the time-scale of real molecular 
motion. As in Monte Carlo methods, when equilibrium is reached, thermodynamic 
properties can be calculated, because the positions of all particles are known. 
Although molecular dynamics can simulate the motion of molecules, the method 
cannot be used to model the motions of large and complex systems, such as SLN 
or nanoparticles in solution.  
Both molecular dynamics and Monte Carlo methods use so-called 
periodic boundary conditions to maintain the number of molecules or atoms 
(particles) in the simulation box constant and to prevent the boundaries of the box 
from having any effect on the properties of the system. When a particle leaves the 
box by moving a given distance away from the box limits, an identical particle at an 








Fig.10 - Periodic boundary conditions applied in MD and MC simulations. When a particle exits the 




LN belong to what is known as soft matter, which is comprised of 
complex and large systems usually made up of many components and of 
hundreds or thousands of “individuals” within each component. Thus, these large 
systems are comprised of an extremely large number of particles. As a result, 
atomistic models, such as molecular dynamics models or those based on quantum 
mechanics, are not useful for studying the behavior of these large groups of 
elements, which inherently produce an enormous large number of variables. 
The mesoscopic models try to fill in the gap between the atomistic 
models and processes that provide continuous description of the materials [136]. 
One of the most used approaches in mesoscopic simulations is the so called 
“coarse-grain” approach [137], wherein a few heavy atoms, and all the light atoms 
bond to them, are considered to form a pearl or bead. In addition, this approach 






beads, although some software has developed many more bead types (Figure 11) 
[138]. This “small” modification greatly reduces the number of variables in the 
computations. In addition, although the structural and chemical details are lost, the 
speed of processing larger numbers of particles is decreased, and longer 
simulation times are accessible. Coarse-grain-based methods have been applied 
to the study of molecular systems [139], soft-matter [140], or nanofibrous materials, 
such as carbon nanotubes [141,142]. 
 
 
Fig.11 - Coarse-grain process for 17-mercaptoheptadecanoic acid (HS-HDA). Beads description: red 
(dark gray in the print version), hydrophilic; yellow (light gray in the print version), “goldphilic”; blue 
(gray in the print version), hydrophobic. 
 
Mesoscopic computational methods include: dissipative particle 
dynamics (DPD) [143-145], the Lattice Boltzmann method [146,147], cell dynamics 
simulations [148], discrete dislocation dynamics [149], and discrete velocity models 
[150]. DPD may be a very useful method for studying LN because it has been 
applied to the study of systems containing lipids or nanoparticles. Among these 
applications, 13 papers and 6 abstracts from symposia or congresses contain the 
words “lipid” or “nanoparticles” but none of them mention SLN or NLC, thus 
providing a large opportunity for using this method in these fields. 
One of the best articles describing the theory behind the DPD method 
and its applications in the field of soft matter is that published by Shillcock and 
Lipowsky in 2007 [151]. After a clear and extensive description of the DPD method, 
the paper provides information about the formation of polymersomes or vesicles 
made from diblock copolymers and compares them to lipid vesicles. This 
publication also discusses vesicle fusion, a phenomenon that was rarely studied 
experimentally and for which DPD can provide information with regards to the 
molecular rearrangement that occurs at the moment of fusion. This study further 






within the vesicle’s cavity, and notes that hydrophilic particles diffuse freely inside 
the vesicle’s lumen until they reach the membrane’s inner surface. At that point, the 
NP wrap themselves into the membrane causing an external bulge. In contrast, if 


















Fig.12 - A cut through a vesicle with diameter 28 nm containing four small, rigid nanoparticles each 
approximately 4 nm in width. The surfaces of the nanoparticles are hydrophilic, and their 
conservative interaction parameters are chosen so that they tend to adhere to the vesicle 
membrane when they encounter it. As the membrane wraps around a nanoparticle, it tends to bulge 
outward in a process that is similar to the initial stage of budding of the vesicle membrane. Only one 
of the nanoparticles is clearly visible in the vesicle lumen in this image, a second is wrapped in the 
membrane producing the large bulge at the upper right, and the other two are embedded in the 
membrane at the top left and bottom right of the image and are hidden by the perspective. Although 
not obvious in a static image, the rigidity of the nanoparticles is such that their shape fluctuations 
are smaller than one DPD bead diameter. Image produced using the PovRay ray tracing program: 
www.povray.org. Reproduced from J. Shillcock, R. Lipowsky, Visualizing soft matter: mesoscopic 
simulations of membranes, vesicles and nanoparticles, Biophys Rev. Lett. 18 (2007) 33–55 with the 








The interaction between vesicles and NP has also been studied recently 
using DPD [152]. Large scale DPD simulations were performed on two vesicle types 
(spherical and tubular) of various sizes (39, 48 and 60 nm) and with different 
numbers (from 1 to 512) of NP of different diameters (from 3 to 21 nm). Vesicles 
were formed by a H1T3 lipid bilayer and NP were created using lipophobic beads. 
Results indicate that only very small NP can penetrate the vesicle membranes, 
whereas larger NP become internalized inside the vesicles. Moreover, at high NP 
concentrations, particles form clusters, either on the outer or in the inner surface, 
producing changes in vesicle morphology or even vesicle rupture. Although 
cytotoxicity is related to NP adsorption, this work suggests that only large-sized NP 
produce vesicle rupture and small-sized NP change vesicle shape. 
Recently, endocytosis has also been studied using DPD [153]. This work 
examined the interactions between different shaped NP (spherical and ellipsoid) 
moving along the surface of a membrane. This study found that symmetry 
breaking of a particle helps its rotation, and the direction of rotation is driven by the 
affinity of the ligands on the particle and the receptors in the membrane. The 
results also suggested that the rolling of a non-symmetrical nanoparticle over the 
membrane surface seems to be necessary for the adhesion and internalization of 
the particle into the membrane. 
 
 
Fig.13 - The rotational behaviors of two kinds of Janus-like nanoparticles with η = 1/8, ε = 4.0kBT/rc, 
and ϕ0 = 0°. The ligands (yellow; light gray in the print version) are only coated in the (A) right or (B) 
left part of the nanoparticle. The dashed arrow shows the possible rotational direction in the 
following steps. Reproduced from K. Yang, B. Yuan, Y. Ma, Influence of geometric nanoparticle 
rotation on cellular internalization process, Nanoscale 5 (2013) 7998–8006 with permission of The 







DPD studies of adhesion properties for ligand-receptor interactions 
between lipid-polymer hybrid (LPH) NP and membrane bound receptors [154] 
suggest that adhesion of this nature follows a pseudo-first-order kinetics, similar to 
that already observed in membrane adhesion of polymeric micelles [155]. In 
addition, these studies indicate that two processes help increase receptor-ligand 
association: lipid fluidity, which facilitates the redistribution of ligands on the NP 
surface, and receptor-redistribution plus membrane deformation, which facilitate 
receptor-ligand interactions. 
The effect of NP penetration into lipid membranes is another topic 
recently studied using DPD. These studies have focused on understanding the 
mechanisms by which ligands of a NP-ligand complex are removed upon crossing 
a lipid membrane [156]. In addition, these studies have examined the best NP 
functionalization designs for penetration into membranes without producing pores 
or membrane rupture [157]. These studies have further examined the best NP 
copolymer coating (hydrophilic-hydrophilic –AB-, hydrophobic-hydrophilic –BA-, 
BABA, or random pattern with A and B beads) for minimally impacting NP 
penetration. Another study, which examined the effect of differently shaped 
nanoprobes and the pressure they exert over a lipid membrane, concluded that 
nondestructive nanoscale structures must approach the membrane surface 
perpendicularly in order to produce minimal damage [158]. 
DPD simulations have been used very recently to study Janus particles 
[159], so named for the Roman god Janus who had two opposing faces. Janus NP 
are comprised of a polar and a hydrophobic face. To the best of our knowledge, 
the first paper on the interaction of Janus particles with lipid membranes used a 
computer simulation (DPD) to address how Janus particle properties can be 
harnessed to create controllable pores on lipid membranes [160]. Computational 
modeling showed that Janus particles in solution localize to the edges of the 
membrane pore, stabilizing it as a result of their amphiphilic nature; one face of the 
NP interacts well with the hydrophobic or inner part of the membrane, whereas the 







Two additional studies that used DPD simulations have focused on Janus 
NP. One article noted that the interaction between large nanoscopic lipid vesicles 
and Janus NP, and their movement over a membrane surface was computationally 
determined to be the result of external forces [161] (figure 14A). Results of such 
work indicate that the large lipid vesicle picks up some of the Janus NP while rolling 
on the surface, then carries them until it reaches a region showing attraction for the 
Janus particles. At that point, the Janus NP are drop off and they go back to the 
surface but at a different position.  The result is that the vesicle has transported the 
Janus NP to a different location. The other study describes a very similar situation. 
This computational study illustrates that the Janus NP are transported by the lipid 
vesicles until a trench is found (either step- or wedge-shaped); at which point, the 
















Fig.14 - (A) Snapshots of the system in which the vesicle drops off a Janus particle with a fraction of 
hydrophobic beads ϕ = 0.010 (a total of 4 hydrophobic beads) on a “sticky” patch (colored in yellow) 
for shear rate γ̇ = 0.015 and bond constants Ksub/lipid = Kpatch/lipid = 4, Ksub/Janus = 8 and 
Kpatch/Janus = 12. The snapshots are taken at times (a) 160, (b) 576, (c) 1254, and (d) 1300. The insets 
in (a–c) are the cross-sectional views of the vesicle–Janus particle assembly. Reprinted with 
permission from I. Salib, X. Yong, E.J. Crabb, N.M. Moellers, Harnessing fluid-driven vesicles to pick 
up and drop off Janus particles, ACS Nano. 7 (2013) 1224–1238. Copyright 2015 American Chemical 
Society. (B) Snapshots of the system with one Janus particle with ϕ = 0.061 for the wedge-shaped 
trench with Ksub/Janus = 10. The shear rate is γ̇ = 0.015. Snapshots are taken at the following times: 
(a) 0, (b) 500, (c) 1220, (d) 1400, and (e) 1800. The instantaneous relative shape anisotropy κ2 of the 
vesicle is labeled in each snapshot. Reprinted with permission from X. Yong, E.J. Crabb, N.M. 
Moellers, A.C. Balazs, Self-healing vesicles deposit lipid-coated Janus particles into nanoscopic 
trenches, Langmuir 29 (2013) 16066–16074. Copyright 2016 American Chemical Society. 
 
All the examples described above clearly demonstrate the power and 
usefulness of DPD simulations. Dealing with large numbers of beads, nanoscale 
chemical entities, and long simulation times allow researchers to study systems 
that only a decade ago were not possible. Furthermore, its conceptual simplicity 
(just studying a few types of beads, usually hydrophilic and hydrophobic), the 
extremely small parameters used (nxn; where n is the number of different bead 






papers on the use of DPD for studying and understanding large and complex 
systems, thanks to the mixing of molecular dynamics and Monte-Carlo simulations. 
However, not all chemical properties can be studied by DPD simulations. 
The simplicity afforded by DPD simulations is unfortunately limited by the “loss of 
details” it brings, and details are usually extremely important for chemists and 
biochemists. Chemists look at reactions and “see” how electrons and atoms change 
positions and oxidation states. DPD cannot provide any information regarding these 
types of chemical reactions. Molecular biochemists study the reasons why proteins 
have specific tertiary and/or quaternary structures or try to understand why a 
substrate is locked into a protein pocket, which is usually due to interactions 
between specific atoms belonging to certain amino acids or pendant groups. 
However, DPD cannot provide such information. If this is the case, what can 
chemists or biochemists study with DPD? Simply stated, DPD can be used to study 
structural problems where details are not critically important, but where the size 
and complexity of the system cannot be studied by other more conventional 
computational techniques, as in the examples shown above. 
Can DPD be used for studying LN? Despite all the drawbacks alluded to 
in the previous paragraph, it is clear that DPD can be of great help in many aspects 
related to LN structure and function. DPD can be used to study the effects of 
hydrophobicity or hydrophilicity of the core, and the effect of the external layer of 
NP with regards to transporting drugs or genes. It is noteworthy that lipid vesicles 
are LN, and there are several examples in the literature showing how different LN 
properties were studied using DPD. 
 
2.1.9. Conclusions 
LN structures are rather complex and understudied. Developing further 
knowledge about the LN soft core and its organization has important implications 
for LN properties, including those that regulate structure-function relationships. 
Therefore, a detailed characterization of LN organization should be pursued. 
Several techniques are being employed to study LN, but some have been 
neglected in the literature, such as Molecular Modeling, Fluorescence 






understanding of LN structure. In addition, it is possible that several types of LP, 
such as SLN or NLC, are not being properly characterized without the use of such 
techniques. 
Knowledge obtained about drug delivery systems for LN already allows 
us to establish a few correlations about structure-function relationships. The 
degree of organization for SLN cores helps determine the model of drug 
incorporation. For example, the more organized cores (i.e., when using higher 
melting point lipids) will result in shell-enriched cores and will probably lead to 
earlier drug expulsion (burst effect), but a stable formulation. In contrast, a more 
disorganized core (i.e., when using lower melting point lipids) can lead to a core 
enriched SLN, resulting in a prolonged drug release. Alternatively, it can lead to 
gelation and supercooled melts, resulting in physical and chemical instability. 
However, many questions still remain about LN core organization and how this 
impacts drug delivery. For example, few studies have investigated how the LN 
structure affects the intracellular delivery of drugs. 
LN have been established as gene delivery systems and considerable 
effort has been made toward developing this application. Most of these 
investigations have focused on practical aspects, even empirical approaches. 
Minimal consensus has been reached regarding the relationship between the 
structure of LN and their transfection efficiency. Even less attention has been paid 
to the relationship between the organization of LN and their gene delivery 
properties. Thus, we recommend a more detailed systematic approach for 
answering the more basic and fundamental questions before going further into 
clinical applications. This approach would help in the optimal design of LN for 
clinical applications and improve the current empirical understanding of in vivo 
gene delivery systems for LN. 
Finally, a deeper understanding of this matter would allow scientists to 
better tailor LN to specific applications, and, thus, increase their success rate in 







2.2. Factorial design and development and solid lipid nanoparticle 

































Gene therapy is aimed at modulating the expression of a particular gene 
aiming to prevent, treat, or cure diseases1,2. Thus, its therapeutic effect comes from 
the expression of suppressed or deleted proteins, as well as from the suppression 
of (over)-expressed proteins, e.g., by using RNA interference2,3. In both cases, an 
efficient introduction of nucleic acids into target cells is a critical step for the 
success of the therapeutic approach. However, nucleic acids are phosphate 
polyanions that are rapidly removed from circulation, whether by enzymatic 
degradation (by nucleases) or by hepatic metabolism4,5. In addition, DNA and RNA 
transposition across biological barriers (biomembranes) is thermodynamically 
unfavorable due to their high electron density. Therefore, the administration of 
naked nucleic acids has a limited or no therapeutic efficacy6. Because of this, viral 
and non-viral carriers have been developed to assist the transportation of nucleic 
acid within the human body and across cell membranes trying to ensure that its 
biological functions are achieved7,8. This multidisciplinary field is called gene 
delivery and its enormous potential has been attracting more and more interest 
from academia and pharmaceutical industry7,8. 
 Solid lipid nanoparticles (SLNs) represent a promising new approach 
for gene delivery due to their high stability, easy scale up production and potential 
capacity of both drugs and nucleic acid9-12. SLNs were developed in the early 90s 
as alternative drug carriers to liposomes and emulsions, because they do not 
require organic solvents in their preparation and exhibit long-term stability 
compared to liposomes13,14. Moreover, SLNs have been also suggested as gene 
carriers with promising results for clinical applications15,16. In a recent work, Taveira 
et al. have used a 32 factorial planning to develop solid lipid nanoparticles to deliver 
doxorubicin into melanoma cells17. The formulations showed a high drug-delivery 
capacity (97%) and, as a result, increased cytotoxicity to the tested cancer cells.  
In our studies, we have chosen an experimental 23 factorial design18 with 
3 central points for the rational development of SLN suitable to deliver nucleic acid 
into prostate cancer cells. In addition, we have used the Response Surface 
Methodology (RSM) to search for the optimum formulation. This methodology 
allowed us to efficiently search around our initial central point without using higher 






addition, the 3 central point replicates allowed us to estimate the errors of the 
factorial design and to evaluate the quality of the system repeatability18,19. We have 
chosen three variables to analyze (i) the concentrations of stearic acid (SA, the solid 
lipid at room and body temperature), (ii) 1,2-dioleoyl-3-trimethylammonium-
propanechloride (DOTAP, the cationic synthetic lipid), and (iii) Pluronic F68 
(surfactant). SLN formulations were tested for their ability to accommodate DNA 
and to protect the nucleic acid from DNase activity and for their in vitro toxicity and 
transfection efficiency in prostate cancer cells. RSM analysis allowed us to select 
an optimized SLN formulation for gene delivery into prostate cancer cells using the 
Desirability Functional Approach (DFA). 
 
2.2.2. Material and Methods  
 
Preparation of Solid Lipid Nanoparticles  
SLNs were prepared by the microemulsion extrusion method20. Briefly, a 
solution of Pluronic F68 and DOTAP were pre-heated above the melting 
temperature of the solid lipid (SA) and added to the melted lipid, followed by 
homogenization by vigorous stirring. Then, the hot emulsion was loaded into the 
donor syringe of a double-syringe mini-extruder (Avanti Polar Lipids, Inc., USA) and 
extruded 15 cycles through a 100 nm polycarbonate membrane (Millipore, 
Germany). The process always finished at the receiver syringe to avoid 
contamination. The temperature was kept constant during the process using a 
heating block at 75 ºC, which is above the melting temperature of SA (69.6 ºC). 
Finally, the lipid nanoparticles were transferred to a cold bath and then stored at 4 
ºC. We have previously determined 15 cycles as the minimum number of extrusion 
cycles required to produce a monodisperse and homogeneous population of lipid 
nanoparticles20. 
 
Factorial design of the Solid Lipid Nanoparticle formulations  
In this study, a 23 full-factorial experimental design was used for the 
optimization of SLNs formulations, being the variables defined by the 






points (0). Through the central point we were able to estimate the errors of the 
factorial design and to evaluate the quality of the system repeatability17,19, as shown 
in Tables 1 and 2. 
 
Table 1: SLN formulations composition: concentrations of stearic acid, DOTAP, and Pluronic F68 
used for factorial design of SLNs. 
Component / Variable -1 0 1 
Stearic acid (mM) 5.00 7.00 9.00 
DOTAP (mM) 2.00 2.50 3.00 




Table 2: 2x3 Factorial Design for the development of solid lipid nanoparticles consisting of stearic acid, DOTAP, 
and Pluronic F68 with 3 central points. The concentrations of the components, identified by -1, 0, and 1, are given 
in Table 1.  
Formulation Stearic acid DOTAP Pluronic F68 
SLN1 -1 -1 -1 
SLN2 1 -1 -1 
SLN3 -1 1 -1 
SLN4 1 1 -1 
SLN5 -1 -1 1 
SLN6 1 -1 1 
SLN7 -1 1 1 
SLN8 1 1 1 
SLN9 0 0 0 
SLN10 0 0 0 







Previous studies from our laboratory showed that solid lipid 
nanoparticles containing SA:DOTAP:Pluronic F68 at a 7.0 : 2.5 : 1.0 molar ratio were 
able to transfect the plasmid containing the coding sequence for green fluorescent 
protein (EGFP), as well as the plasmid containing the sequence for the phosphatase 
protein homologous to Tensin (PTEN) into prostate cancer cells (PC3)20. Therefore, 
this formulation was defined as the central point of the factorial design (0)17, herein 
identified by the triplicate SLN9, SLN10, and SLN11.  
 
Physicochemical characterization 
The different SLN formulations (Table 2) were characterized by their 
hydrodynamic diameter, zeta potential and polydispersity index (PDI), assessed by 
dynamic light scattering on a Malvern Zetasizer Nano system (Malvern Instruments 
Ltd, Worcestershire/UK) equipped with a 633 nm laser. The measurements were 
carried out at 25 ºC in polystyrene cuvettes with a path length of 10 mm. One 
hundred microliters of the formulations were diluted in 1 ml deionized water prior 
to the measurement.  
 
Plasmid amplification  
The pEGFP-N1 (BD Biosciences Clontech, Palo Alto, USA) expression 
vector containing the sequence for the EGFP gene was transferred into E. coli. The 
transformed bacteria were incubated in Luria-Bertani (LB) medium in presence of 
the selective antibiotic kanamycin. The plasmid was isolated and purified using 
PureLinkTM Quick Plasmid Miniprep kit (Invitrogen, USA) according to 
manufacturer’s instructions. The level of protein contamination in the final nucleic 
acid preparation was determined from the ratio of absorbances, measured at 260 
and 280 nm, respectively. 
 
DNA binding assay 
SLN:DNA complexes (lipoplexes) were prepared by the adding 1.6 μg of 
pEGFP-N1 plasmid to 3.8 μg/mL of SLN (total lipid being the sum of SA and DOTAP 
concentrations) followed by 20 min. incubation at 37 ºC. Then the samples were 






bromide, and were immersed in TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM 
EDTA). The samples ran into the agarose gel at 50 V for 2 h21. Images were taken 
using a UV trans-illuminator and processed using ImageJ software22.  
 
DNase I protection  
SLN:DNA lipoplexes were prepared as described above. After, DNase I 
was added (1U/2.5 μg of DNA) to the tubes and the suspension was incubated at 
37 ºC for an additional 30 minutes to degrade the free DNA (i.e., non-associated 
with the SLNs). 1% SDS (final concentration) was used to stop the enzymatic action 
and to release the DNA from the SLNs. The samples were subjected to 
electrophoresis on ethidium bromide-stained 1.3% agarose gels (50 V for 90 min.)21 
and analyzed under UV light, with the Image-J software22.  
 
Storage Stability 
The SLN formulations were stored at 4 ºC and their stability was assessed 
by measuring their physicochemical properties over time (0, 15, 30, 60, 90, 120 and 
150 days). The size, PDI, and zeta potential were measured following the same 
conditions as described before in physicochemical characterization section. 
 
Cell Culture 
BALB/3T3 (mouse embryonic fibroblast) cells were cultivated in DMEM 
medium (Sigma-Aldrich, USA), and PC3 (human prostate cancer) cells were grown 
in RPMI medium (Sigma-Aldrich, USA), both media containing 100 U/mL of 
penicillin (Biomol, Brazil), 100 mg/mL of streptomycin sulfate (Sigma-Aldrich, USA), 
and supplemented with 10% of fetal bovine serum (Sigma-Aldrich, USA). The cell 
cultures were maintained in 75 cm3 bottles at 37 ºC under a humid atmosphere 
containing 5% CO2 in a REVCO Ultima II (Thermo Scientific, France) incubator. 
 
In vitro cytotoxicity assay 
The cytotoxicity of the SLNs formulations was evaluated on BALB/3T3 
cells using the MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 






density of 10,000 per well. Cells were treated with SLNs (at concentrations of 3.835, 
38.354, and 383.537 μg/mL of total lipids) for 24 h. After, the medium was removed 
and replaced by fresh medium containing MTT (1 mg/mL); the cells were 
subsequently incubated for another 4 h after which the medium was removed and 
replaced by 1 mL of ethanol (Synth, Brazil), for cell rupture and solubilization of the 
formazan chromophore23. The plates were shaken for 10 minutes and the 
absorbance measured at 570 nm in an ELX800 spectrophotometer (Biotek, USA). 
Results were presented as the percentage of viable cells, in comparison to control 
samples (untreated cells).  
 
Transfection efficiency 
For transfection efficiency evaluation, PC3 cells were seeded on 12-well 
plates at a density of 200,000 cells per well. After 24 h, the semi-confluent (70-
90%) cells were washed once with PBS, and serum and antibiotics-free medium 
was added (400 μl/ well). Next, 200 μL of SLN lipoplexes (containing 1.6 μg of 
plasmid and 3.835 μg/mL of total lipids) were added per well and cells were 
incubated for 4 h at 37 °C. After that, the transfection medium was replaced by 
complete medium. The percentage of EGFP-positive cells was determined after 




The results obtained are reported as means and respective standard 
deviations (S.D.). GraphPad Prism software (GraphPad Software, USA) was used for 
statistical analysis. ANOVA test followed by post-hoc Tukey test was used in the 
analysis of group differences, and the statistical differences with p<0.05 were 
considered significant (95% confidence).  
 To determine the best SLN formulation we applied a statistical 
technique for the investigation of complex processes, called Response Surface 
Methodology (RSM) and the Desirability Functional Approach (DFA). The later was 
used as an optimization tool to identify the optimal region in the investigated 






against degradation by DNase I, particle stability during storage, lower cytotoxicity 
and higher transfection capacity). For RSM and DFA analysis we have employed 
the Statgraphic Centurion XVI (Statpoint technologies, Virginia, USA) software, with 
the best responses selected as: SLN with minimal polydispersity; average diameter 
between 100-200 nm; zeta potential above +30 mV; high percentage of interaction 
with DNA and protection against DNase I; stability of mean diameter, PDI, and zeta 
potential over 150 days; minimal cytotoxicity and maximal transfection efficiency. 
 
2.2.3. Results and Discussion  
 
Physicochemical Characterization of the Central Point SLN Formulations 
Initially, we performed the physicochemical characterization of the SLN 
formulation defined as the central point (Table 3, triplicate SLN9, SLN10, SLN11) for 
the factorial design17. The (central point) choice was based on previous empirical 
studies from our research group, which reported formulations able to efficiently 
transfect EGFP and PTEN genes into PC3 cells. Therefore, we used 
physicochemical properties (size, PDI and zeta potential) of the particles to 
standardize the factorial design of the SLN formulations. 
 
Table 3: Mean diameter, polydispersity index (PDI), and zeta potential of the central point 
formulation for the factorial design (triplicate SLN9, SLN10, and SLN11) containing stearic 
acid:DOTAP:PLF68 in the molar ratio of 7.0:2.5:1.0. 





SLN9 137.7 ± 14.7 50.9 ± 15.3   0.133± 0.020 
SLN10 136.6 ± 14.1 38.9 ± 12.7  0.140 ± 0.022 
SLN11 130.4 ± 13.2 37.5 ± 10.4  0.122 ± 0.021 
 
Table 3 shows that the central formulations are monodisperse and their 
average size diameter is about 130-140 nm. In addition, they are positively charged 
(zeta potential > +30 mV) due to the cationic lipid DOTAP, and their homogeneity 






Gasco16 reported that nanoparticles should have a relatively high positive zeta 
potential, with values above |30| mV, like the SLN investigated in the present study. 
 
DNA binding assay 
The binding of DNA to the SLNs is based in electrostatic forces, which 
involves the phosphate groups of the outer portion of the DNA strand (a polyanion 
molecule) and the amine groups of the cationic lipid DOTAP. Figure 1 shows 
different degrees of interaction between the SLN:DNA formulations, reaching up 
to 96% for SLN3, 80-83% for the SLN2 and SLN7, and 87% for the central point 
formulation (SLN9, SLN10, and SLN11).  
 
Fig.1 - Binding efficiency of SLN formulations assessed by agarose gel electrophoresis. The band 
intensities were quantified by densitometric analysis using ImageJ software (National Institutes of 
Health, Bethesda, MD). A 10% glycerol solution was also used to load DNA in all samples tested, 
avoiding the effect of bromophenol blue on lipoplexes stability. “a” indicates significant differences 
(p < 0.05) compared to SLN9, SLN10, and SLN11 
 
Statistical analysis revealed lower interaction with the nucleic acid 
(p<0.05) for the formulations SLN1, SLN4, SLN5, SLN6, and SLN8 in comparison to 






explained by their inferior proportion of DOTAP (Tables 1 and 2) compared to the 
central points, thus reducing the strength of the SLN-DNA interaction. On the other 
hand, SLN4 and SLN8 also presented lower interaction with DNA, despite their 
DOTAP concentration being higher than the central points. This can be due to the 
fact that these formulations have also higher amounts of stearic acid, thus diluting 
their positive charges on the particle surface, as indicated by the SLN4 zeta 
potential (Figure 3) and, therefore, explaining their lower interaction with the nucleic 
acid. 
 
DNA protection against DNase I  
An efficient gene delivery system must bind and protect its cargo against 
enzymatic degradation until it reaches its biological target. Figure 2 shows that SLN 
formulations were able to protect the nucleic acid from DNase I degradation. The 
DNase protection ability of SLN7 was comparable to the central point formulations, 
while other formulations revealed lower degrees of protection. Figure 2 
demonstrates that in case of SLN1, SLN2, SLN3, SLN4, SLN5, SLN6, and SLN8 
formulations SLN:pDNA interaction was insufficient in effectively protecting the 
nucleic acid from DNase I degradation; although SLN2, SLN3, SLN4, and SLN5 
performed slightly better than SLN1, SLN6, and SLN8. The results in Figure 2 show 
that there is a reasonable correlation between binding capacity and protection 
against DNase I, as evinced by SLN7 and the central point formulations (SLN9, 
SLN10, and SLN11). However, when comparing SLN1 vs. SLN5, their DNA binding 
capacity was comparable (34.2 and 33.4 %, respectively), yet the DNase I protection 
was markedly different (9.8% in SLN1 and 65.2% for SLN5), suggesting potential 
differences in surface accommodation of the nucleic acid in either case. 
Interestingly, both formulations have the same lipid amount (5 mM SA and 2 mM 
DOTAP), but differ in Pluronic F68 contents, SLN5 having 4 times more surfactant 
(2 mM) than SLN1 (0.5 mM). This result indicates that Pluronic F68 is not only 
important in SLN stabilization but is also required to appropriately accommodate 







Fig.2 - DNA protection from DNase I activity by different SLN formulations. The DNA protection was 
assessed by agarose gel and the band intensities were quantified by densitometric analysis using 
ImageJ software (National Institutes of Health, Bethesda, MD). SLNs lipoplexes were prepared and 
exposed to DNase I (1 U DNase/2.5 µg of pDNA) at 37 ºC, for 30 min. Electrophoresis patterns of 
DNA released (by 1% SDS) from lipoplexes treated or not with DNase I. “a” indicates statistical 
difference (p < 0.05) compared to SLN9, SLN10, and SLN11. “b” indicates statistical difference (p < 
0#05) compared to SLN7 
 
SLN stability during storage 
We followed the SLNs physicochemical properties (mean particle 







Fig.3 - Stability of SLN formulations over time. Physicochemical properties: particle size (A), 
polydispersity index, PDI (B), and zeta potential (C) measured by dynamic light scattering during 
150 days of storage, at 4 oC. Statistical differences measured ANOVA and post-hoc 






The properties and nature of the surfactant, and electrostatic repulsion 
between the particles are major parameters in governing the stability of SLNs. The 
hydrophilic-lipophilic balance (HLB)24 of Pluronic F68 is greater than 24, which 
according to Kuo & Wang25 is enough to stabilize oil/water emulsions, avoiding 
aggregation. However, electrostatic repulsion can also contribute to the colloidal 
stability of SLNs. In fact, particles zeta potential values greater than |30| mV result 
in significant electrostatic repulsion, thereby increasing their stability8,16. The results 
in Figure 3 are in reasonable agreement with these findings and show that the 
formulations were stable during 150 days of storage under refrigeration at 4 ºC, 
except for SLN4 and SLN6, the polydispersity index of which significantly increased 
after one month (Figure 3B). The zeta potential of SLN4 abruptly dropped close to 
zero after 60 days of storage (Figure 3C), which presumably favored particle 
aggregation (increased size – Figure 3A), resulting in a lower stability (PDI > 0.25 – 
Figure 3B). This instability may result from the lower amount (0.5 mM) of Pluronic 
F68 associated with the highest SA and DOTAP tested contents, in this formulation. 
As for SLN6, which polydispersity rose above the acceptable values (PDI > 0.30) 
during storage, its low amount of DOTAP (2 mM) compared to the central point 
triplicate, may explain the observed aggregation. Among others, the instability of 
SLNs has been attributed to a rearrangement of the solid lipid (stearic acid) core, 
leading to changes in particle size and expulsion of cargo molecules15. In our case 
no expulsion of the genetic material (which is electrostatically associated with the 
particles) was observed, although changes in particle polydispersity were noted 
during storage in formulations containing a relative higher SA content (SLN6 > 
SLN4 > SLN8 > SLN2 – see Figure 3B).  
After 150 days of storage (Figure 3C), we detected a significant increase 
(p <0.05) in the zeta potential of SLN1, SLN2, SLN5, and SLN7 formulations. These 
results may emphasize the importance of DOTAP for the SLN surface charge since 
three of the formulations examined, i.e., SLN1, SLN2 and SLN5 contain the minimum 
DOTAP concentration. Nevertheless, as expected for particles with higher zeta 
potential, such surface charge changes did not affect the particles size and 
polydispersity during storage. In fact, the most homogenous formulation after 






central point, has the higher DOTAP and Pluronic F68 concentrations and a 
relatively low SA content. Together, as summarized by the results in Figure 3, the 
factorial design (in particular with regard to the concentrations of DOTAP and 
Pluronic F68) thus allowed us to assess at the surface/water interface the 
influence of surface charges and charge separation (steric factors) on the 
stabilization of the SLN particles. In fact, the most homogenous formulation after 
storage was found to be SNL7 (PDI ~ 0.1, Figure 3B), which has the higher DOTAP 
and Pluronic F68 concentrations and low SA content, in comparison to the central 
point. 
 
In vitro Cytotoxicity of SLN formulations on BALB/3T3 cells 
SLN cytotoxicity was tested in a sensitive mouse embryonic fibroblast 




Fig.4 - In vitro cytotoxicity of SLN formulations on BALB/3T3 fibroblasts assessed by the MTT 
reduction assay. BALB/3T3 fibroblasts were treated with 3.835, 38.354, and 383.357 µg/mL of SLN 
formulations, which is equivalent to 1×, 10×, and 100× the concentration used in the transfection 







Three SLN concentrations were chosen to evaluate their cytotoxicity 
(3.835, 38.353, and 383.537 μg/mL) in BALB/3T3 cells, and which corresponded to 
1, 10, and 100 times, respectively, the concentration (ca. 3.835 μg/mL) as used in 
the transfection studies with PC3 cells20. Figure 4 showed that the higher SLN 
concentration (383.537 μg/mL) was detrimental to the BALB/3T3 cells. Table 4 
shows the IC50 values, measured for each SLN formulation. 
 
Table 4: IC50 values (μg/mL) in cell cultures of BALB/3T3 fibroblasts, determined for SLN 
formulations defined by the factorial design with varying SA:DOTAP:Pluronic F68 molar ratios. 
Values determined from the curves shown in Figure 4. 
Formulation 
SA:DOTAP:Pluronic F68  
(molar ratio) 
IC50 (μg/mL) 
SLN1 5:2:0.5 52.5 
SLN2 9:2:0.5 73.0 
SLN3 5:3:0.5 72.7 
SLN4 9:3:0.5 96.3 
SLN5 5:2:2 63.9 
SLN6 9:2:2 76.7 
SLN7 5:3:2 69.6 
SLN8 9:3:2 95.6 
SLN9 7:2.5:1 65.5 
SLN10 7:2.5:1 66.1 
SLN11 7:2.5:1 64.6 
 
The IC50 values were similar for all formulations, except for SLN4 and 
SLN8 that showed slight lower toxicity (IC50 > 90 μg/mL) when compared to the 
central point formulations. The IC50 values for SLN1 to SLN11 formulations ranged 
between 52.5 and 96.3 μg/mL (Table 4) and where at least 10 times higher than 
those used in the transfection assays (see Figure 5). This result allowed us to 
conclude that transfections experiments were conducted at SLN concentrations 







SLN-mediated transfection of PC3 cells in vitro 
The transfection efficiency of the various SLN formulations was tested in 
PC3 cancer cells, as monitored by expression of the fluorescent EGFP reporter 
gene. The use of PC3 line is justified by the major interest of using SLN as a tool for 
gene delivery into cancer cells. 
 
Fig.5 - Transfection efficiency of SLN formulations on PC3 cancer cells. PC3 cells were transfected 
with EGFP-encoding plasmid DNA in SLN formulations with 1, 30 and 60 days after preparation. 
Transfection was analyzed after 24 h by measuring EGPF positive cells by flow cytometry. Each 
value represents the mean ± S.D. of three independent experiments (n = 3). “a” indicates statistical 
difference (p < 0.05) to the central point formulation; “b” indicates statistical difference (p < 0.05) 
between days 1 and 60; and “c” indicates statistical difference (p < 0.05) between days 30 and 60.  
 
Figure 5 shows that naked plasmid (without carrier) showed no levels of 
transfection, which implies that the pDNA by itself is not capable of overcoming 
biological barriers in PC3 cells. Interestingly, when the plasmid was complexed with 
SLN, all formulations were able to successfully transfect more than 60% of the PC3 
cells. This efficiency ratio is comparable to that obtained with the commercial 






et al.26 have demonstrated that SLNs composed of glyceryl monostearate and 6-
lauroxihexil lysinate as the cationic lipid were as efficient as Lipofectamine 2000TM 
for the transfection of EGFP gene-containing plasmid into HeLa cells. Since del 
Pozo Rodriguez et al.27 reported that Lipofectamine 2000TM has high toxicity in vivo, 
the development of a safer and less toxic delivery systems for gene therapy, such 
as SLNs, is therefore highly warranted. 
 Next, we examined the transfection efficiency of the SLNs after 30 
and 60 days of storage (Figure 5). All formulations seemed to maintain transfection 
efficiency and, although no significant differences were found among any 
formulation at any time, after 60 days the central point formulation (SLN9, SLN10, 
SLN11) displayed the highest values of transfection. 
 
Factorial Design Analysis 
Finally, we have statistically evaluated the correlation among the three 
variables (concentrations of SA, DOTAP, and Pluronic F68) used in the factorial 
design (see "Data Analysis" in Material and Methods). Despite the large intrinsic 
variation of biological responses such as cell viability, DNase I action, transfection 
of EGFP, etc., the statistical analysis revealed a good data correlation (R²=0.8837) 
between the variables and the factorial design used. The variables DOTAP and 
stearic acid were found to be much more striking for SLN toxicity against 
BALB/3T3 cells than Pluronic F68. A quick comparison between SLN1 and SLN5, 
between SLN2 and SLN6 or between SLN4 and SLN8, which differ in the ratio of 
Pluronic F68 (Table 4), confirms that cell viability does not vary significantly 
between the pairs. On the other hand, the DOTAP concentration seems to be 
inverted related to the cytotoxic effect of the formulations (compare pairs SLN1 
and SLN3, SLN2 and SLN4 or SLN5 and SLN7, where only DOTAP concentrations 
change, in Table 4), which agrees with other reports from literature21,28.  
Besides enlightening the variables with greatest impact on cell 
responses, the statistical analysis has revealed that interactions between variables 
(SA, DOTAP, and Pluronic F68) were far less significant than the independent 
variables. That is, the individual modification of each variable had greater influence 






Methodology and Desirability Function Approach were used as optimization 
strategies29 (Figure 6). 
 
 
Fig.6 - Factorial design analysis of SLN formulations and their components (stearic acid, DOTAP, 
and Pluronic F68) as calculated by response surface methodology (RSM) and desirability functional 
approach (DFA) using Statgraphic centurion XVI statistical software.  
 
The surface response revealed an optimal area (with desirability> 0.7)29 
around 6 to 8 mM for stearic acid, 2.4 to 3.0 mM for DOTAP, and 1.0 mM for Pluronic 
F68. These findings are in good agreement with the composition of the central 
point formulation (SLN9, SLN10, and SLN11), which showed positive responses in 
most of the experiments presented here. Moreover, the surface response also 
revealed a region with low desirability (< 0.2) around 5.5 to 6.9 mM of stearic acid, 
2.0 to 2.2 mM DOTAP, and 0.6 to 1.1 mM Pluronic F68, similar to the concentrations 
found in SLN1 and SLN5. 
According to DFA analysis, the optimal SLN formulation from the 
selected responses should contain: 6.34 mM stearic acid, 2.72 mM DOTAP, and 1.06 
mM Pluronic F68. This ideal formulation, optimized by the factorial design, is similar 
to the central point formulation (SLN9, SLN10, and SLN11). 
 
2.2.4. Conclusion 
The factorial design proved to be a valuable tool in the development of 
solid lipid nanoparticle (SLN) formulations for gene delivery. The chemometric 






to bind and to protect nucleic acid from the action of degradative enzymes, to 
maintain physical stability during storage, and to elicit biological responses, 
including in vitro toxicity and transfection efficiency. The formulations developed 
have shown low toxicity to non-cancer cells (BALB/3T3) and high levels of 
transfection in prostate cancer cells (PC3), when compared to several other gene 
delivery systems described in the literature21,26,30. Based upon the outcome of 
parameters investigated in the present study, the optimal formulation (greater 
desirability) for SLNs consists of 6.34 mM of stearic acid, 2.73 mM of DOTAP, and 
1.06 mM of Pluronic F68.  
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Nanotecnologia é um dos ramos mais promissores de tecnologia, sobre 
o qual se deposita grandes expectativas.1 Somente em 2015, foram publicados 
cerca de 9400 artigos relacionados ao termo “Nanotechnology” no banco de 
dados Science Direct; além disso, diversos produtos tem sido testados e 
comercializados, por exemplo, protetores solares, cosméticos, produtos 
biomédicos, biosensores e sistemas para transporte e entrega de fármacos.2 
Entretanto, há uma crescente preocupação com a segurança e possíveis efeitos 
nocivos de nanomateriais que vêm sendo desenvolvidos,3 pois dados e 
regulamentações internacionais referentes à segurança e uso desses materiais 
ainda são escassos, ainda estão em debate ou em fase de implementação.4 Uma 
nova área da ciência destinada ao estudo de efeitos adversos de nanomateriais foi 
recentemente criada, a Nanotoxicologia.5 O conhecimento acumulado nessa área 
tem como objetivo prever efeitos tóxicos e auxiliar nas regulamentações e 
diretrizes para aplicação da nanotecnologia6 e uso de produtos a ela relacionados. 
A Figura 1 mostra o crescimento do número de artigos científicos que contêm o 
termo “nanotoxicology” e estão no banco de dados do National Center for 









Fig.1 - Crescimento do número de artigos científicos publicados, relacionados ao termo 
“nanotoxicology” normalizado a cada 10 mil artigos publicados no website “PubMed” 
(http://www.ncbi.nlm.nih.gov/pubmed), parte do National Center for Biotechnology Information 
(NCBI), subdivisão do National Institute of Health (NIH/USA), entre os anos 2000 e 2015. Pesquisa 
realizada em 02/05/2016. 
 
Apesar do número de artigos em nanotoxicologia ser crescente, esta é 
uma área ainda muito recente (com menos de uma década), e ainda não é possível 
determinar exatamente quais impactos os sistemas naturais e artificiais com 
dimensões nanométricas podem causar ao ser humano e ao meio ambiente.3,7 
Apesar de todo conhecimento acumulado nesse período, ainda é difícil fazer 
generalizações sobre a biodisponibilidade, biodistribuição, degradação, eliminação 
e atividade biológica de nanoestruturas, bem como sobre os processos 
moleculares envolvidos em sua internalização, tráfego e processamento celular.4,8 
Portanto, o conhecimento sobre como as células lidam e interagem com 
estes materiais é parte essencial para avanços dessa nova área.9 Estudos que 
demonstram como nanopartículas são internalizadas, processadas (ex. 






imperativos para estabelecer procedimentos de segurança na fabricação e nas 
aplicações comerciais e médicas de nanomateriais.10 Para atingir esse objetivo, os 
primeiros passos devem envolver estudos moleculares sobre interações 
nanopartículas-células, endocitose, tráfego intracelular e resposta celular a estes 
materiais. 
 
2.3.2. Por que estudar a endocitose, o tráfego e o processamento 
intracelular de nanopartículas? 
 
Formas de interação nanopartículas-células 
A membrana plasmática é a principal interface celular, através da qual o 
interior da célula se comunica com o meio externo.11 O primeiro contato da célula 
com qualquer material extracelular é através de seus componentes lipídicos (ex. 
fosfolipídios) e proteicos (ex. receptores membranares).12 Sendo assim, um dos 
primeiros testes para avaliar a interação dos nanomateriais com células 
eucarióticas é avaliar a integridade da membrana. Para isso é possível dosar a 
presença ou atividade de enzimas intracelulares (ex. lactato desidrogenase13) ou 
testar a integridade da membrana com moléculas que não a permeiam (ex. azul 
de tripano ou iodeto de propídio).14 Por exemplo, Carlson e colaboradores15 
demonstraram que nanopartículas de prata (diâmetro de 15 a 55 nm) causaram 
danos à membrana, os autores avaliaram o extravasamento da enzima lactato 
desidrogenase para o meio extracelular, levando macrófagos à apoptose em 
menos de 24 h. Os autores sugeriram que a perda da integridade de membrana foi 
responsável pela morte celular. 
Nanopartículas podem acessar o citoplasma de células eucarióticas, 
graças a danos causados à membrana, ou sendo internalizadas pelas células. Para 
discernir entre essas possibilidades, é importante avaliar os efeitos observados em 
condições normais e compará-los a resultados obtidos à 4 º C,16 ou em presença 
de inibidores do metabolismo energético (ex. cloreto de amônia combinado com 
2-desoxiglicose).17 Experimentos in vitro à 4  ºC, bem como inibidores do 
metabolismo energético, diminuem a produção de ATP, portanto, inibem o 
processo de endocitose, responsável pela internalização das nanopartículas.18 O 






por agentes que reduzem a produção de ATP; por isso esses experimentos podem 
trazer informações importantes sobre interações nanosistemas-célula. Assim, 
efeitos em decorrência de danos causados à membrana seriam observados em 
ambas as situações (controle e experimentos à 4 º C ou em presença de inibidores 
do metabolismo energético), enquanto que efeitos decorrentes da internalização 
dos nanomateriais seria drasticamente diminuído em baixas temperaturas ou na 
presença do inibidor. 
Além do inibidores do metabolismo energético, é possível utilizar um 
inibidor de endocitose generalizado, um dos mais utilizados é o Dynosore, que 
pressupõe inibir a dinamina, uma GTPase da qual depende a maioria das vias de 
endocitose.11 Comparando os resultados destes experimentos com os obtidos sem 
o uso desse inibidor, obtém-se os primeiros indícios de que as partículas são ou 
não endocitadas pelas células. Os detalhes dessa estratégia serão apresentados 
por metodologias a seguir. 
 
Endocitose 
Um dos mais importantes mecanismos de comunicação celular com o 
meio externo envolve o fluxo transmembranar e bidirecional de vesículas, este 
fenômeno é o movimento de internalização de conteúdos extracelulares, 
denominado endocitose.11 Esta pode ser dividida em fagocitose (somente para 
algumas células especializadas, como macrófagos) e pinocitose (presente 
virtualmente em todas as células eucarióticas) a qual, por sua vez, pode ser 
subdividida em endocitose mediada por clatrina, endocitose mediada por 
caveolina e macropinocitose. Contudo, outras vias têm sido propostas, como 
endocitose independente de clatrina e caveolina.12-18 Para mais detalhes destes 
mecanismos, consultar a referência.19 
 Estudos têm mostrado que o formato, tamanho, características (como 
porosidade) da superfície, carga superficial e composição de nanopartículas 
influenciam diretamente a endocitose.20 De fato, é sabido que, no caso de entrega 
seletiva de ativos às células, são acopladas moléculas às nanopartículas 
intencionalmente que interagem com receptores específicos da superfície celular. 






menor número. Mas apesar das propriedades físico-químicas dos nanomateriais 
influenciarem a sua via de internalização um mesmo material pode ser 
internalizado por vias diferentes em diferentes linhagens celulares, demonstrando 
que esse é um processo célula-dependente.21 
A análise da endocitose em células vivas (tanto in vitro quanto in vivo) é 
normalmente feita com inibidores químicos (farmacológicos) de endocitose,22 
células mutantes que têm algumas proteínas das principais vias de endocitose não 
funcionais23 ou, ainda, células cujas proteínas chave das vias de endocitose têm 
sua expressão diminuída por ferramentas de biologia molecular (ex. RNA de 
interferência).24 
Inibidores são ferramentas valiosas para determinar a via de endocitose 
utilizada, pois são simples, confiáveis e de custo acessível.11 Entretanto, é 
necessário que os experimentos sejam realizados cuidadosamente, como 
discutido a seguir, e suportados por outros experimentos (ex. microscopia 
confocal).22 Uma vez confirmada a internalização do nanomaterial, o próximo passo 
é avaliar a translocação do material exógeno para o destino específico na célula, 
processo denominado de tráfego intracelular. 
 
Tráfego intracelular 
Após internalização, independentemente da via utilizada, a partícula é 
englobada em uma vesícula (e.g., endossomo), sem acesso direto ao citosol ou a 
organelas citoplasmáticas e, portanto, fica impedida de exercer sua função 
biológica, particularmente crítico para carreamento de material genético, ou de 
fármacos que têm alvos intracelulares.11 
Caso não aconteça o escape do endossomo, os materiais endocitados 
podem: i. ser degradados nos lisossomos; ii. redirecionados para o meio exterior 
através de endossomos de reciclagem; iii. encaminhados para outras organelas; ou 
iv. exocitados.25 A literatura mostra que a maior parte das nanopartículas, após 
internalização, são direcionadas para os lisossomos, nos quais são degradadas.26 
A degradação lisossomal pode limitar a aplicação de diversos 
nanomateriais, em especial daqueles que carreiam biomoléculas, como 






escape endossomal pode auxiliar na otimização de aplicações terapêuticas 
envolvendo nanopartículas.27  
Em geral, a formação de complexos de DNA com lipossomas catiônicos 
tem como motor propulsor um grande aumento de entropia, dada a liberação de 
contra-íons para a solução. Sendo assim, a simples mistura de DNA e lipossomas 
catiônicos na solução leva a reorganização de suas estruturas formando 
agregados em múltiplas camadas podendo estar organizadas no estado líquido-
cristalinas a depender, entre outras coisas, da relação entre as cargas positivas e 
negativas dos eletrólitos, das características estruturais dos lipossomas (como raio 
de curvatura), do tamanho do fragmento de nucleotídeo, pH, etc.28 
Lin et al29 desenvolveram um estudo comparativo em que foram 
preparados dois complexos entre DNA e lipossomas com estruturas distintas: 
lamelar (L_α^c), utilizando os lipídios DOTAP/DOPC e hexagonal invertida (H_II^c) 
e os lipídios DOTAP/DOPE. Essas estruturas, ao serem colocadas em contato com 
células de fibroblastos de rato, apresentaram perfis de transfecção distintos. Os 
complexos com estrutura hexagonal invertida obtiveram eficiência de transfecção 
aproximadamente 100 vezes superior em comparação com os complexos com 
estrutura lamelar. Segundo os autores, a fase hexagonal invertida (H_II^c) leva a 
um mecanismo fusão dos lipoplexos com a membrana do endossomo, isso levaria 
a uma maior liberação do DNA no citoplasma da célula e, consequentemente, 
resultaria em maiores níveis de transfecção. 
Para estudar o papel da acidificação sobre o processamento de um dado 
nanomaterial é possível empregar estratégias que utilizam ensaios com inibidores 
da acidificação endossomal, denominados de lisossomotrópicos (ex. cloroquina, 
bafilomicina, metilaminas e ionóforos carboxílicos) podem ser bastante úteis.30 
Inibidores de acidificação endossomal são bases fracas que, ao entrarem em 
ambiente ácido, ficam protonadas e reduzem a acidificação endossomal e 
lisossomal. A não acidificação do endossomo impede a fusão do endossomo com 
o lisossomo, evitando que enzimas líticas presentes no interior dos lisossomos 
degradem o material internalizado. Isso pode ser benéfico para nanomateriais que 






prejudicial para nanomateriais que dependem da acidificação para a liberação de 
seu conteúdo, ou para desempenhar sua função biológica.  
Por exemplo, Behr,26 em 1997, hipotetizou que nanopartículas 
poliméricas de poli (etilenoimina) (PEI), utilizadas para transfecção, poderiam 
escapar de endossomos através da ruptura osmótica da membrana endossomal. 
Esse efeito poderia estar associado com a grande quantidade de grupos amina 
protonáveis na estrutura do polímero. Neste caso, à medida em que o interior do 
endossomo vai se tornando mais ácido, até chegar aos valores de pH lisossomais 
(pH ~5,5), o equilíbrio osmótico desses compartimentos é desfeito, e culmina na 
ruptura da vesícula com liberação do material carreado.26 Contudo, os detalhes 
sobre o exato mecanismo associados a esta hipótese permanecem em debate.31 
Para sistemas que não possuem estas propriedades químicas, há 
possibilidade do uso de moléculas lisossomotrópicas, que inibem a acidificação 
lisossomal, aumentando o tempo de permanência das partículas em seu interior e 
com isso as chances de ocorrer a liberação do conteúdo para o citoplasma.32 
 
2.3.3. Técnicas e estratégias para estudo da interação nanopartícula-
células  
Para obter maiores detalhes da interação nanopartícula-células 
discutiremos a seguir detalhes da aplicação das três técnicas mais utilizadas para 
estudar esse fenômeno: citometria de fluxo, uso de inibidores de endocitose e 
microscopia confocal. Para estudos visando a caracterização do nanomaterial, em 
especial nanopartículas lipídicas sólidas, e técnicas relacionadas sugerimos a 
leitura da referência33 e para técnicas físicas para estudar a interação 
nanopartículas-membrana celular, sugerimos a leitura da referência.34 
 
Citometria de fluxo 
Citometria de fluxo é uma técnica que permite avaliar individualmente 
células e até mesmo partículas de naturezas diversas,35 através da focalização 
hidrodinâmica em um capilar. Ao passar pelo capilar, as células são irradiadas por 
lasers que excitam diferentes fluoróforos, possibilitando análises bastante 






Para isso, são usados marcadores específicos, como anticorpos ligados 
à fluoróforos ou fluoróforos que têm afinidade por estruturas celulares específicas 
ou respondem a processos celulares (ex. a sonda DCFDA – 2',7'-
diclorofluoresceína diacetato – que responde a formação de espécies reativas de 
oxigênio), e possibilitam a análise qualitativa e quantitativa de eventos celulares, 
por exemplo ciclo celular, estresse oxidativo, fosforilação de proteínas, apoptose, 
etc. Análises podem ser realizadas de um a três fluoróforos e testes mais 
avançados chegam a combinar até 18 fluoróforos. Quando acoplada à 
espectrometria de massas, esse número pode passar de 36.37 Em geral, citômetros 
de fluxo descartam as amostras após a análise, ainda que alguns possam utilizar a 
técnica de separação de células cuja fluorescência foi previamente ativada 
(Fuorescence-Activated Cell Sorting, FACS) permitindo a coleta e análise de 
informações sobre subpopulações, separadamente. Nesse caso, as células das 
subpopulações podem ser cultivadas isoladamente, ampliando o leque de 
análises possíveis.38  
A citometria de fluxo permite analisar milhares de células por segundo e 
obter resultados dependentes das propriedades intrínsecas das amostras, como 
tamanho das células, granulosidade, intensidade da fluorescência, etc. Pode ser 
empregada também para estudar eventos celulares como a eficiência de 
transfecção de um plasmídeo contendo um gene codificante para uma proteína 
modelo, usualmente EGFP (Enhanced Green Fluorescente Protein), transportado 
por nanopartículas. Isso pode ser medido avaliando a frequência de células que 
respondem positivamente à excitação do laser no comprimento de onda de 
fluorescência da proteína, com excitação em 488 nm e emissão 509 nm. A análise 
de 10 mil células é considerada padrão para a maioria dos testes.39 Entretanto, esse 
número pode variar dependendo das características de cada amostra. Se, por 
exemplo, o evento celular estudado é raro, então milhares de células devem ser 
analisadas, desde que haja um tratamento estatístico adequado ao evento 
estudado. 
A Citometria de fluxo tem se mostrado uma técnica bastante poderosa 
para investigar eventos celulares, sendo empregada no estudo entre células 






internalização celular, é cada vez mais utilizada para estudar interações de células 
e nanopartículas41 e também propriedades de sistemas nanoparticulados, como 
tamanho de complexos nanoestruturados que transportam material genético em 
fluidos biológicos.42 A seguir será discutido em detalhes como essa técnica pode 
ser utilizada para estudar as principais etapas do processo de interação entre 
nanopartículas e células eucarióticas: internalização, tráfego intracelular e resposta 
biológica. 
Internalização: a análise, via citometria de fluxo, da interação de 
nanomateriais e células eucarióticas pode ser feita de duas maneiras, que 
fornecem informações complementares: a primeira, quando o material adsorvido 
à membrana celular é incluído na análise (em inglês referido como total cell 
association) e, a segunda, quando esse material é excluído da análise (em inglês 
referido como internalization ou uptake). Em princípio, o material adsorvido deveria 
ser excluído para que o resultado possa ser correlacionado somente com as 
partículas internalizadas. Todavia, isso nem sempre é possível pois, tecnicamente, 
a exclusão das partículas externas às células nem sempre é possível. Alguns 
fluoróforos, como os derivados de fluoresceína, podem ter a fluorescência 
suprimida por outros compostos, como o azul de tripano,43 corante incapaz de 
penetrar células saudáveis. Nesse caso, seu uso para extinguir a fluorescência das 
partículas aderidas à membrana da célula se limita a ensaios com células vivas, 
pois se estiverem fixadas, as partículas dentro das células teriam também a 
fluorescência suprimida.43 O emprego de azul de tripano em citometria de fluxo foi 
validado para o estudo da interação entre leveduras e granulócitos44 e é bastante 
empregado para investigar interações entre nanomateriais e células eucarióticas 
em geral.45 
Shimoni et al investigaram a internalização de nano-cápsulas de hidrogel 
de ácido polimetacrílico em células HeLa, concluindo que cápsulas esféricas eram 
internalizadas em maior quantidade que outras com mesma composição, mas com 
formato alongado.46 Martins et al. demonstraram que nanopartículas lipídicas 
sólidas apresentavam taxa de internalização preferencial em linhagens de glioma 
humano (A172 e U87) em relação à macrófagos, fato que aumenta a relevância 






al empregaram nanopartículas poliméricas para carrear siRNA em protoplastos de 
tabaco BY-2 e demonstraram que esse processo depende do tempo e da 
concentração.32 Esses são apenas alguns exemplos da aplicação da citometria de 
fluxo para estudar a internalização de nanomateriais em células eucarióticas. 
Tráfego intracelular: citometria de fluxo não é comumente utilizada para 
estudos sobre tráfego intracelular de nanopartículas. Contudo, é possível obter 
informações indiretas, como sobre interação com organelas (via alterações no 
potencial mitocondrial) ou alterações nas células (via fragmentação do DNA), que 
podem servir de guia para experimentos mais específicos a serem realizados 
mediante outras técnicas. 
Resposta biológica: após internalização e processamento celular muitas 
nanopartículas ativam respostas celulares, que vão desde alterações com efeitos 
terapêuticos ou de entrega de fármacos e genes, até efeitos citotóxicos como 
pequenas alterações no citoesqueleto celular, estresse, etc.48 A citometria é uma 
técnica estabelecida para estudar eventos intracelulares como estresse 
oxidativo,49 autofagia,50 alterações no ciclo celular,51 apoptose,52 entre outros. 
Mesmo alterações como fragmentação do DNA celular, antes analisada por 
eletroforese ou microscopia, também pode ser investigada por citometria de fluxo.  
 Zhang et al observaram alto nível de fragmentação de DNA, uma 
característica de apoptose, em tratamentos de 24 h em hepatócitos humanos de 
Chang e fibroblastos de pulmão de hamster chinês (V79-4).53 
 
Uso de inibidores de internalização 
Considerando que as várias vias de endocitose de nanomateriais são 
diretamente relacionadas aos efeitos causados,21 é crucial que elas sejam 
determinadas. O estudo da inibição dessas vias constitui estratégia largamente 
usada para compreensão desse fenômeno.54 A inibição de endocitose pode ser 
abordada por métodos seletivos e não seletivos para cada tipo de endocitose, 
mediante emprego de inibidores químicos ou através de regulação da expressão 
gênica.32 O uso de inibidores químicos é comum na caracterização da via de 
internalização, principalmente de nanomateriais,55 como ocorre com carreadores 






baixo custo e rápidos. Como exemplos podem ser citados o uso de clorpromazina, 
que atua na inibição de endocitose mediada por clatrina57 e o de metil-β-
ciclodextrina, que atua na inibição de endocitose mediada por flotilina e 
caveolina.58 Outro ponto favorável aos ensaios com inibidores com atividade 
farmacológica é que eles afetam todas as células em uma população, e os efeitos 
são facilmente quantificados.11 A Tabela 1S apresenta uma relação dos inibidores 
de endocitose mais utilizados, organizados pelas vias de endocitose, além de uma 
breve descrição de seu mecanismo de ação e concentrações de uso, que podem 
servir como guia na padronização dos experimentos e a estrutura de cada um dos 
inibidores. 
A Figura 2 apresenta uma visão geral dos principais inibidores de 
endocitose e as respectivas vias em que atuam. Além disso, como o tráfego de 
vesículas intracelulares no interior das células é mediado por fibras do 
citoesqueleto (actina ou miosina) representamos moléculas (como latranculina, 
citocalasinas, faloidina e nocodazol) que atuam no citoesqueleto. Elas são 
importantes para determinar quais fibras do citoesqueleto são relevantes para o 
papel biológico de um determinado nanomaterial. Agentes lisossomotrópicos que, 
em sua maioria, são bases fracas inibidoras da acidificação de vesículas 
intracelulares e auxiliam também na determinação do papel desse efeito para o 
papel biológico de um dado nanomaterial, como discutido acima, alguns 







Fig.2 - Local de atuação de inibidores de endocitose nas vias clássicas: Fagocitose, 
Macropinocitose, Endocitose mediada por Clatrina (E.M. Clatrina), Endocitose mediada por 
Caveolina (E.M. Caveolina) e Endocitose mediada por Flotilina (E.M. Flotilina) e tráfego intracelular. 
 
Precauções no uso de inibidores 
Para evitar problemas com a inespecificidade dos inibidores é necessário 
a padronização de seu uso para cada tipo celular, o primeiro passo é determinar a 
concentração tóxica do inibidor. A concentração utilizada não pode apresentar 
efeitos tóxicos significativos, pois nessa condição não é possível distinguir se o 
efeito observado ocorre devido à inibição da via de interesse ou se é consequência 
da toxicidade do inibidor.59 Via de regra, ensaios de viabilidade padrão (ex. com 
MTT) devem apresentar, no máximo, 15% de redução de viabilidade, sendo o ideal 






importante levar em consideração o tempo de exposição das células aos 
inibidores. Exposições muito longas (> 8 h, dependendo do inibidor e da célula) 
devem ser evitadas, pois as células podem metabolizar os inibidores, que perdem 
seu efeito. Caso sejam encontrados resultados contraditórios deve-se validar a 
atividade do inibidor naquele determinado tempo. 
Cumprida esta etapa, o próximo passo é validar as concentrações 
utilizadas do inibidor. Faz-se necessário padronizar as concentrações dos 
inibidores utilizando marcadores específicos de cada via que depende do inibidor, 
do tipo celular e do tempo de exposição. Os marcadores mais utilizados são a 
transferrina para endocitose mediada por clatrina,60 toxina da cólera para a 
endocitose mediada por caveolina61 e dextrana para macropinocitose.62 Os 
marcadores geralmente são disponíveis comercialmente já associados a um 
fluoróforo. A validação da concentração usada do inibidor pode ser obtida através 
de citometria de fluxo (quantitativo) ou microscopia confocal (qualitativo). Neste 
caso, determina-se a concentração de inibidor capaz de causar redução 
significativa da internalização do marcador de cada via. Para auxiliar na 
determinação das concentrações iniciais de inibidor compilamos as concentrações 
mais utilizadas na literatura (Tabela 1S). Caso as células de interesse sejam 
diferentes daquela utilizadas nos trabalhos citados, será necessária uma busca em 
literatura pela célula específica. 
Por fim, é importante ressaltar que células em geral utilizam mais de uma 
via para internalização de moléculas ou nanoestruturas. Em presença de inibidor, 
a célula pode apresentar um efeito compensatório, utilizando outra via endocítica 
para suprir a internalização. Isso pode, por exemplo, aumentar a resposta biológica 
(ex. transfecção ou citotoxicidade) e não diminuí-la, como poderia ser pensado 
inicialmente,63 ou, então, suprimir parcialmente as respostas biológicas frente ao 
uso de inibidor.63,64 
 
Microscopia confocal 
A observação direta de nanomateriais exige o uso de microscópios e por 
isso a microscopia tem se tornado a técnica indispensável em nanotecnologia. 






microscopia eletrônica de varredura, microscopia eletrônica de transmissão, 
microscopia de varredura por tunelamento, microscopia por difração de elétrons, 
microscopia de força atômica, microscopia de fluorescência (em suas várias 
modalidades), microscopia confocal Raman, etc.65 
Em particular, a microscopia de fluorescência vem sendo empregada em 
investigações sobre interações entre nanopartículas e meios biológicos. A 
evolução dessa técnica nas últimas décadas originou diversas variantes da mesma. 
Dentre as mais importantes há a microscopia de varredura confocal à laser, 
microscopia de fluorescência de 2 fótons, microscopia confocal com super-
resolução óptica com depleção via emissão estimulada (STED), microscopia de 
fluorescência em campo e com reflexão interna total (TIRF) entre outras.66 As 
técnicas mais avançadas de microscopia de fluorescência possibilitam elucidar 
processos celulares em nível molecular. Com maior poder de resolução revelam, 
com resolução espacial e temporal, detalhes do processamento de nanomateriais 
por células eucarióticas. Algumas técnicas baseadas em transferência de energia 
de ressonância por fluorescência (FRET), tempo de vida de fluorescência, medidas 
de grau de anisotropia, de variação temporal do grau de anisotropia e 
espectroscopia de correlação de fluorescência têm alcançado limite de resolução 
abaixo de 30 nm, aproximando o poder de resolução ao da microscopia eletrônica 
(0,1 nm). Entre as vantagens adicionais podem ser citadas: técnica não destrutiva, 
menos laboriosa, menos dispendiosa, necessidade de uma menor quantidade de 
amostra e possibilidade de analisar amostras vivas.66 
A microscopia de fluorescência é fundamentada na emissão de luz por 
um fluoróforo endógeno ou exógeno da amostra e tem se tornado bastante 
comum, em virtude também da facilidade de manuseio do equipamento. Todavia, 
o preparo, marcação, análise e processamento das imagens devem ser feitos com 
o devido cuidado para não levar a interpretações equivocadas dos resultados. A 
análise dos dados obtidos por microscopia pode ser feita qualitativa e 
quantitativamente, e é fundamental o conhecimento do sistema para que essa 
análise seja feita corretamente.67 Além disso, as limitações intrínsecas de cada uma 






de epifluorescência não permitem concluir se nanopartículas estão dentro ou fora 
de células. 
A marcação utilizada em microscopia de fluorescência é semelhante à 
da citometria. Proteínas de interesse podem ser etiquetadas através de técnicas 
de biologia molecular como associação com proteínas fluorescentes (GFP, RFP, 
BFP) ou com anticorpos fluorescentes (ou, ainda, um anticorpo secundário 
fluorescente). Assim, estruturas e organelas celulares podem ser identificadas 
juntamente com a nanopartícula de interesse. A Tabela 1 apresenta um resumo 
das principais proteínas e marcadores fluorescentes utilizados para identificação 
de organelas e vesículas intracelulares. É pré-requisito que essas proteínas ou 
estruturas reconhecidas na identificação de vesículas ou organelas não deixem a 
estrutura de origem, mesmo após a fixação do material estudado. A mesma regra 
deve ser aplicada à marcação de nanopartículas, sendo imperativo garantir que, 
mesmo após a fixação, o material e o fluoróforo utilizado para marcação não se 
separem. Para isso, quando o nanomaterial não apresenta fluorescência intrínseca, 
é sempre desejável que o fluoróforo esteja ligado por ligação covalente; 
fluoróforos que têm coeficiente de partição com nanomaterial não devem ser 
utilizados. A marcação de organelas como núcleo, mitocôndria e lisossomos pode 
ser feita com moléculas pequenas que exibem interações específicas com essas 
estruturas (Tabela 1). Os marcadores fluorescentes de núcleos de células vivas e 
fixadas são empregados por serem confiáveis, práticos e mais baratos que 
anticorpos. É preciso destacar que alguns desses marcadores podem interferir na 
proliferação celular, pois muitos deles interagem diretamente com o DNA. Em 
experimentos de longa duração com células vivas são empregadas por exemplo 
histonas, proteínas responsáveis pelo empacotamento do DNA no núcleo, 
associadas a proteínas fluorescentes (ex. GFP). 
A seguir serão apresentados exemplos de aplicações da microscopia de 
florescência no estudo das principais etapas do processo de interação de 
nanopartículas com células eucarióticas: internalização, tráfego intracelular e 
resposta biológica. 
Internalização: são frequentes estudos de colocalização entre partículas 






internalização.68 Tais estudos, juntamente com o uso de inibidores, são 
fundamentais para demonstrar a via de internalização de nanomateriais. A 
internalização via clatrina geralmente leva nanomateriais à degradação lisossomal. 
Isso pode ser utilizado para racionalizar a entrega intracelular de fármacos ou 
ativos. Por exemplo, em um estudo sobre internalização de nanopartículas 
inorgânicas lamelares contendo metotrexato (fármaco antagonista de ácido fólico, 
utilizado no tratamento de algumas neoplasias malignas), internalizadas 
preferencialmente por clatrina em células de osteosarcoma (linhagem 
MNNG/HOS), foi sugerido que esta seja uma via especialmente eficiente para o 
transporte de quimioterápicos. Isso porque a diminuição do pH, característico do 
tráfego intracelular, leva à liberação gradual do quimioterápico no interior das 
células, graças à possibilidade da troca de íons localizados na região interlamelar 
dessas nanopartículas.69 Em contrapartida, nanopartículas poliméricas altamente 
compactas, carreando DNA, apresentaram internalização mediada por caveolina, 
em células epiteliais de via respiratória humana (BEAS-2B), como confirmado pela 
alta colocalização com a toxina da cólera. Essa internalização resultou em 
processamento mais lento quando comparado com nanopartículas de poliestireno 
havendo, ainda, acúmulo na região perinuclear, benéfica para entrega de DNA.32 
Estudos sobre colocalização são vastamente empregados na caracterização da via 
de internalização de nanomateriais. Em sua maioria, esses experimentos adotam 
duas estratégias: colocalizar as nanopartículas com i. proteínas envolvidas na 
endocitose (ex. clatrina, caveolina), ou ii. com moléculas que são sabidamente 
internalizadas por uma via específica associadas a fluoróforos, como transferrina, 
para endocitose mediada por clatrina, toxina da cólera para endocitose mediada 
por caveolina e dextrana para endocitose por macropinocitose, para mais 
exemplos vide Tabela 1. 
Tráfego intracelular: após internalização é importante avaliar o tráfego 
intracelular das nanopartículas. Apesar de fortemente influenciado pela via de 
internalização, nem sempre é possível prever o destino intracelular de 
nanopartículas. É possível que elas escapem dos endossomos ao citosol ou que 
seu acúmulo intracelular as leve à degradação e/ou exocitose. Os vários tipos de 






investigar o tráfego intracelular de nanopartículas. Porém, neste caso é necessário 
considerar que ocorre acidificação dos endossomos, como já mencionado, o que 
pode alterar as características da fluorescência. Por exemplo, a proteína 
fluorescente EGFP, uma das variantes mais utilizadas da proteína fluorescente 
verde (GFP), apresenta brusca queda na fluorescência quando em meio ácido (pH 
< 6).70 Organelas ácidas, como endossomos tardios e lisossomos, tendem a perder 
o gradiente de prótons após fixação. Essa característica constitui um inconveniente 
para algumas aplicações, pois a emissão de fluorescência da maioria dos 
marcadores é afetada pela acidez (ex. pHrodo e Lysotracker). A título de exemplo, 
acreditou-se por alguns anos que a internalização via caveolina levasse às 
estruturas especiais chamadas caveossomos,71 as quais teriam pH mais próximos 
do fisiológico e não apresentariam enzimas líticas. Entretanto, os mesmos autores 
que descreveram essas estruturas demonstraram posteriormente que este 
resultado era um artefato. Ao analisarem as células após fixação observaram que 
o gradiente de pH era desfeito, e por consequência, ocorria o mesmo com a 
marcação das estruturas.72 Esse artefato levou a uma interpretação errônea sobre 
o tráfego intracelular subsequente à endocitose mediada por caveolina. Inclusive, 
até hoje é descrito em artigos científicos e de revisão que essa via era mais 
apropriada para entrega de biomoléculas a células eucarióticas. 
O destino intracelular de nanopartículas pode ser fundamental para seu 
papel biológico ou terapêutico. Consequentemente, o direcionamento intracelular 
do nanomaterial pode ser uma estratégia para melhorar seu desempenho. 
Nanopartículas de óxido de ferro foram ligadas ao peptídeo D[KLAKLAK]2, 
inicialmente sintetizado como antibacteriano e que apresenta alta afinidade pela 
mitocôndria quando internalizado por células eucarióticas, e direcionaram essas 
nanopartículas até as mitocôndrias não só de células em cultura, mas também in 











Tabela 1. Principais proteínas e marcadores para identificação de vesículas e organelas celulares 
Vesícula ou organela Proteína Marcador Ref 
Endossomo primário EEA1, Rab4, Rab5 Transferrina 74 
Endossomo tardio Rab7   






Rab11  76 
Mitocôndria Citocromo c oxidase Mitotracker 77 






DAPI, TOPRO- 3, 
TOTO-3, Sytox, Iodeto 
de propídio, Hoechst, 
DRAQ5 
79 
Exossomo Hsc70, CD63  80 
Retículo 
endoplasmático 
Calnexina  69-70 
 
Ao entrarem em contato com células, nanopartículas podem ocasionar 









Fig.3 - Principais efeitos tóxicos desencadeados por nanomateriais em células eucarióticas. 
 
Ao serem internalizadas e passarem ao sistema endossomo-lisossomo, 
nanopartículas podem ser degradadas, liberando constituintes que podem, por 
exemplo, gerar espécies reativas de oxigênio (ROS). Estas causam danos às 
proteínas, à membrana celular e ao DNA.81 Danos à membrana dos lisossomos 
pode liberar enzimas líticas, como a Catepsina (enzima degradadora de 
polipeptídios), que uma vez no citosol, pode atacar a membrana da mitocôndria, 
provocando danos e até ruptura desta organela. Ao danificar a mitocôndria, são 
produzidas mais ROS, entrando em um processo cíclico, no qual ROS é produzida, 
induzindo mais danos à mitocôndria, gerando ainda mais ROS. Esse processo, na 
maioria dos casos, pode levar à mutagenicidade do material genético (DNA) e 
morte celular.82 
O tráfego intracelular de nanopartículas é um processo dinâmico e 
bastante complexo. Por isso nos últimos anos as técnicas para imageamento nessa 
área têm evoluído e criado uma expectativa de melhor compreensão desse 






individuais no interior das células e oferecem avanços significativos na resolução 
espacial (10-20 nm) e temporal (1-2 s) para imagens subcelulares.84 Por isso, para 
os próximos anos, com o desenvolvimento e custos mais acessíveis dessas 
ferramentas espera-se elucidar melhor esses eventos, o que certamente auxiliaria 
no entendimento do processo de interação nanopartículas-células. 
 
2.3.4. Conclusão 
A internalização, o tráfego e o processamento intracelular de 
nanopartículas são processos bastante complexos. A evolução e aplicação de 
técnicas para imageamento têm contribuído para investigação desses fenômenos 
possibilitando melhor entendimento dos mesmos.83 Essas técnicas permitem 
observação direta de nanopartículas individuais no interior de células e de 
organelas intracelulares, proporcionando avanços significativos na resolução 
espacial (10-20nm) e temporal (1-2 s) de imagens subcelulares.84  
A utilização de nanopartículas já é uma realidade crescente a cada dia 
nas mais diversas áreas. Atualmente, as três técnicas descritas aqui são as mais 
utilizadas na caracterização da internalização e tráfego intracelular de 
nanopartículas em células eucarióticas. Apesar de muitos dos métodos descritos 
aqui serem utilizados in vivo, em sua maioria essas técnicas são utilizadas em 
sistemas in vitro. As limitações e a utilidade desses métodos ainda estão sendo 
determinados. Entretanto, a importância desse tema cresce a cada dia e tem 
despertado grande preocupação em relação à segurança na utilização de 
nanomateriais. Nos últimos anos vemos que a nanotoxicologia apresenta 
importância crescente e o desenvolvimento dessa área depende do 
desenvolvimento de novas ferramentas. Cresce a conscientização para uso de 
experimentação em animais; portanto, o desenvolvimento de ferramentas para o 










2.3.5. Material suplementar 
Uma tabela contendo os principais inibidores de endocitose, 
conjuntamente com breve descrição de seus mecanismos de ação, concentração 
de uso e estrutura química estão disponíveis em http://quimicanova.sbq.org.br, na 
forma de arquivo PDF, com acesso livre. 
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2.4. Solid Lipid Nanoparticles release DNA upon endosomal 




































Nanotechnology produces materials in the nanometric size range (1–
1000 nm) that have unique features compared with their bulk counterparts [1–4]. 
Due to unique nanoscale physical proprieties, nanomaterials can present increased 
reactivity, reduction of thermal resistivity and the possibility of intracellular delivery 
of therapeutics. Therefore, these materials are being widely investigated for 
medical application [5]. These unique features have been used to improve 
therapeutic agents and led to the creation of the field of nanomedicine [2, 4]. Thus, 
nanomedicine tries to improve the use of proteins, low-weight molecular agents 
and genetic materials for diagnostics and treatment of diseases through the use of 
nanoscaled carriers [2, 4, 6]. Among these low-weight agents, genetic material 
delivery has been highlighted in literature as a promising tool to expand current 
therapies [7, 8]. 
To improve the use of genetic materials as therapeutic agents, cationic 
nanocarriers have been employed as non-viral gene delivery systems [9]. Among 
lipid nanocarriers, solid lipid nanoparticles (SLN) constitute one of the promising 
candidates, because SLN are made from biocompatible materials, present high 
stability (over one year), and their production can be scaled up [10–12]. For gene 
delivery purposes, cationic lipids are required in the SLN formulation to interact 
electrostatically with genetic materials and form complexes called SLNplexes [7, 
9]. Besides this, our group have shown previously that SLNplexes are able to induce 
the production of exogenous proteins in more than 60% of the cells in the prostate 
cancer (PC3) cell line [7]. 
To properly deliver the genetic material, SLNplexes need to be 
internalized and release their cargo inside the target cells. The main pathway for 
the carriers to interact with the cell is through a mechanism called endocytosis [13, 
14]. After being endocytosed, the nanoparticles typically undergo the 
endosomal−lysosomal pathway [15–17]. Along the pathway from early endosome 
to lysosome, endosome acidification occurs through the pumping of H+ protons 
into the vesicles [18–20], decreasing the intraluminal pH of the lysosome to 3.8–4.0 
[21–23]. This low pH is optimal for the activity of the majority of lysosomal hydrolytic 
enzymes [18]. Therefore, this pathway is usually described as a degradative 






responsible for the degradation of virtually any biomolecule [24]. However, to date, 
no previous study has addressed how endosomal acidification is involved in 
transfection mediated by SLNplexes. Therefore, in the present study, we decided 





SLN and SLNplex Production and Characterization 
SLN production has been described before [11]. Briefly, stearic acid (7mM, 
Sigma-Aldrich, USA), DOTAP (2.5mM, Avanti Polar Lipids, USA) and Pluronic F68 (1 
mM, Sigma-Aldrich, USA) were added to a test tube, heated to 75°C and extruded 
through a heated polycarbonate membrane (pore size: 0.1μm). Next, the volume 
was ice bathed until cool and stored at 4 °C. 
SLN and DNA complexes (SLNplexes) were produced by adding 4μl of 
SLN and 1.6μg of pEGFP-N1 plasmid DNA containing the code for eGFP (Clonetech, 
Palo Alto) production were added together in 50 μl of antibiotic- and serum-free 
media for 20 min before cell application. 
Labeled SLN were produced by adding rhodamine-PE (Avanti Polar 
Lipids, USA) before extrusion. Labeled Rho- SLN performed similarly in 
transfection efficiency (58.2 ± 10.9%) to the non-labeled SLN (61.2 ± 6.5%)— with no 
statistical difference (P > 0.05; Student’s t-test). 
SLN and SLNplex were characterized by dynamic light scattering (DLS) 
as previously described [11]. Briefly, 50 μl of SLN and SLNplex was diluted in 950 μl 
of water and read for average mean, Zeta potential and polydispersion index (PDI) 




Cells of the Human Embrionary Kidney (HEK293T) line were maintained 






humid atmosphere at 37°C and 5% CO2. Cells were divided with trypsin/PBS every 
2 or 3 days. 
 
SLNplex Internalization  
HEK293T cells were seeded into a 12-well plate (105 cells/ well) and 
allowed to adhere overnight. The cells were washed in PBS and 500μl of antibiotic- 
and serum-free medium added. Then, 50μl of the same medium containing Rho- 
SLNplex was added for 0.5, 1, 2, 4, 6 and 8 h. After this, the cells were washed in 
PBS, trypsinized and taken to a FACScalibur cytometer (BD, USA). 
For internalization with inhibitors, HEK293T cells were seeded into a 12-
well plate (105 cells/well) and allowed to adhere overnight. The cells were then 
washed in PBS and 500 μl of antibiotic- and serum-free medium added, containing 
clathrin-dependent (chlorpromazine at 10 μM), caveolin- dependent (filipin III at 
10μM), macropinocytosis (wortmannin at 1 mM) or endosome acidification 
(chloroquine (10 and 20 μM), Monesin (1.25µM to 20µM), 3-Methyladenine (2.5mM 
to 10mM)) inhibitors for 30 min. After this, Rho-SLNplex was added to the medium 
for 4 h. The cells were then washed with PBS, trypsinized and taken to the 
FACScalibur cytometer (BD, USA). None of the inhibitor concentrations used in this 
study presented cell viability below 80%. 
 
SLNplex Transfection  
HEK293T cells were seeded into a 12-well plate (105 cells/ well) and 
allowed to adhere overnight. SLNplex was then added to the medium for 4 h, after 
which the cells were washed in PBS, a complete medium added, and the culture 
left overnight. On the next day, the cells were trypsinized and taken to the 
FACScalibur cytometer (BD, USA). HEK293T cells were seeded into a 12-well plate 
(105 cells/well) and allowed to adhere overnight. The cells were then washed in 
PBS and 500 μl of antibiotic- and serum-free medium added, containing inhibitors 
for clathrin-dependent (chlorpromazine at 10 μM), caveolin-dependent (filipin III at 
10 μM), macropinocytosis (wortmannin at 1 mM) or endosome acidification 
(chloroquine (10 and 20 μM), Monesin (1.25µM to 20µM), 3-Methyladenine (2.5mM 






cells were then washed in PBS, a complete medium added, and the culture left 
overnight. On the next day, the cells were trypsinized and taken to the FACScalibur 
cytometer (BD, USA). None of the inhibitor concentrations used in this work 
presented cell viability below 80%. 
 
SLNplex Confocal microscopy (LAMP1 and Clathrin). 
Sterile coverslips were added to each well in a 12-well plate. Into this 
plate, 105 cells per well were seeded and allowed to adhere overnight. The cells 
were washed in PBS and 500 μl of antibiotic- and serum-free medium, containing 
SLNplex, added for 15 min, 30 min, 1, 2, 3 and 4 h for clathrin and for 2, 4, 6 and 8 h 
for LAMP1. After this, the cells were fixed with paraformaldehyde 4% for 20 min at 
RT, then washed three times with PBS. The cells were incubated with PBS/Glycine 
(0.1 M) for 20 min, washed in PBS, and permeabilized in Triton X-100 (0.2% in PBS) 
for 2min. Blocking buffer (10% of Serum Fetal Bovine) was added for 5 min, then in 
primary antibody (against clathrin or LAMP1) (1:400 dilution) for 1 h at 37 °C. After 
that, the cells were washed three times in PBS and blocking buffer added for 5 min. 
The secondary antibody (Alexa488 polyclonal anti- body diluted 1:500, Thermo-
Fisher Scientific, USA) together with DRAQ5 (Thermo-Fisher Scientific, USA) nuclei 
stain were then added, and the culture incubated for 1h. The coverslips were 
washed three times in PBS, mounted and allowed to dry overnight. The images 
were analyzed and processed by Fiji software [25]. The colocalization tests were 
made by Geometrical Center colocalization analysis [26, 27] through JACoP plugin 
[28]. 
 
DNA retardation assay 
SLNplexes were made as described above in the SLN and SLNplex 
production section. A 1μg aliquot of DNA in SLNplex was added to buffer citric 
acid:sodium phosphate dibasic (0.1 M and 0.2 M respectively) adjusted for pH 6.0; 
5.0; 4.5 and 4.0 for 4 h. Then, the SLNplexes incubated at these different pHs were 
transferred to agarose gel (1.3%), stained with ethidium bromide and run at 50 V for 
1 h. The gel was fotodocumented using the Gel Doc XR+ gel documentation system 







As in the previous section, SLN and SLNplex were incubated in citric 
acid:sodium phosphate dibasic (0.1M and 0.2M respectively) buffer adjusted for pH 
7.0; 6.0; 5.0; 4.5; and 4.0 for 4 h. Both SLN and SLNplex were then diluted 1:250 in 
the various pH buffers, except for SLN pH 5.0, 4.5 and 4.0, which were diluted 1:500 
to reach the equipment standard of maximum particles per frame analyzed in a 
Nanoparticle Tracking Analysis (NTA, Malvern, UK) device. The dilution was taken 




Uptake of SLNplex is time-dependent and saturates after 4 h of 
internalization 
The SLNplex complex is formed by electrostatic interaction between the 
DNA phosphate backbone and DOTAP quaternary amine. Upon DNA complexation 
in serum- and antibiotic-free medium, SLN showed a significant increase in mean 
size (from 109.1 ± 0.2 to 157.3 ± 23.4 nm) and PDI (from 0.098 ± 0.018 to 0.199 ± 0.030). 
Also, significant decreases in zeta potential were observed (from +56.5 ± 0.9 to +27.1 
± 1.0 mV), indicating that SLNplexes were formed. 
Following the characterization of SLN and SLNplexes, we determined 
the SLNplex internalization kinetics in HEK293T cells (figures 1(a) and (b)). Statistical 
significance against 0 h of internalization (CTRL) was found for all time points for 
both percentage of cells (62.53 ± 6.0%) and fluorescence intensity (2.7 ± 2.0 × 105 
A.U.), indicating that SLNplex internalization by HEK293T is time-dependent. To 
measure the saturation time point, we compared the time points with 8 h of 
internalization. Thus, we determined that time points between 0.5 h and 3 h lie in 
the time-dependent phase (significantly different from CTRL and 8h), while those 
from 4 h forward lie within the saturation phase (statistically different from CTRL 
but not different from 8 h). Thus, SLNplex internalization increases in a time-
dependent manner, reaching a maximum at 4 h (64,4 ± 5.4% of cells and 2.6 × 105 
A.U.); it then saturates up to 8 h, for both the percentage of cells and fluorescence 
intensity. Hence, for the internalization studies below, the 4 h time point was set as 






normalized the percentage of internalization and internalization efficiency obtained 
at 4 h as the maximum (100%). From this point on, an internalization of 64.4 ± 5.4% of 
cells has been set as 100% internalization efficiency, and 2.6 × 105 A.U. of 




Fig.1 - SLNplex is internalized in a time-dependent manner. Internalization kinetics of SLNplex in 
HEK293T cells is measured by (a) average percentage of SLNplex positive cells and (b) average of 
fluorescence intensity from rhodamine-labeled SLNplex. Each value represents the mean ± S.D.; n 
= 3. One-way ANOVA statistical analysis and Tukey significant difference testing were used. (*) 
represents statistical difference (p < 0.05) between the time point and control (CTRL), and (#) 
represents statistical difference (p < 0.05) between the time point and 8 h average. 
 
Having determined maximum internalization, we proceeded to 
determine the transfection efficiency at 4h of internalization on HEK293T cells, 
using an eGFP-coding plasmid. After 24h, SLNplex transfection efficiency was 61.2 
± 6.5% of cells and 7.5 ± 1.5 × 106 A.U. of fluorescence intensity. For purposes of 
comparison, we normalized the transfection efficiency and transfection intensity 
obtained after 24 h of the end of the internalization period as maximum (100%). 
From this point on, 61.2 ± 6.5% of cells has been set as 100% transfection efficiency, 
and 7.5 ± 1.5 × 106 A.U. normalized as 1 unit of fluorescence intensity. 
 
SLNplex colocalizes with LAMP-1 reaching a maximum peak at 6h of 
internalization 
SLNplex is internalized mainly via clathrin-mediated endocytosis 






endosome−lysosome pathway, leading the content to lysosomal degradation. To 
determine whether SLNplex reaches the lysosome, we evaluated the 
colocalization of SLNplex and LAMP1 protein, a lysosomal marker (figures 2(a) and 
(b)). Colocalization between SLNplex and LAMP1 was observed after 2h of 
internalization, reaching a maximum at 6 h. The quantitative analysis shows a 
significant increase in the number of geo- metric centers of colocalization from 2 h 
(11.1 ± 8.9) to 6 h (130.3 ± 66.8) of internalization (figure 2(b)). After reaching the peak, 
SLNplex/LAMP1 colocalization shows a significant decrease in colocalization sites 









Fig.2 - SLNplex colocalization with LAMP1 in a time-dependent manner. (a) HEK293T cells were 
incubated with SLNplex labeled with Rhodamine-PE and LAMP1 and analyzed using confocal 
microscopy. Scale bar: 20 μm. (b) Bar diagram showing the number of geometric centers of 
colocalization between LAMP1 and SLNplex. The graph shows mean ±SD of 150 cells within 15 
regions of interest (ROI) selected for each time point; n=3. One- way ANOVA statistical analysis and 
Tukey significant difference testing were used. (*) represents the statistical difference (p < 0.05) 






Chloroquine inhibits transfection mediated by SLNplex 
Because SLNplex takes the endocytic pathway to the lysosome, we 
investigated the effect of the acidification upon the SLNplex gene delivery 
capacity. To study this effect, we have transfected HEK293T cells in the presence 
of chloroquine (CLQ) (figure 3). CLQ is a weak base, which can permeate 
membranes when deprotonated, accumulating in acid organelles, such as late 
endosomes and lysosomes. In these vesicles, CLQ promotes a buffering effect, 
inhibiting luminal acidification [14]. 
First, we validated the assumed CLQ concentrations to determine which 
of them was neutralizing HEK293T intraluminal acidification. After CLQ treatment, 
cells were labeled with Lysotracker and evaluated after 4.5 h for acid vesicles 
fluorescence. The result shows CLQ treatment with both concentrations (10 and 20 
μM) significantly inhibited vesicle acidification, demonstrated by the reduction in 
the Lysotracker fluorescence by 83.7 ± 9.0% for 10μM and 83.6 ± 9.1% for 20 μM 
(figure 3(e)). 
Having validated the CLQ concentrations, we evaluated the 
internalization of labeled SLNplex in the presence of CLQ. SLNplex internalization 
was unaffected by the presence of CLQ, either for internalization efficiency (97.8 ± 
16.9% and 93.1 ± 12.0%) or internalization fluorescence intensity (0.67 ± 0.26 and 0.65 
± 0.26 for 10 and 20 μM of CLQ, respectively). 
Having determined that CLQ (10 and 20μM) does inhibit intracellular 
vesicle acidification and that internalization was unaltered in the presence of CLQ, 
we then investigated the transfection efficiency of SLNplex in the presence of CLQ. 
Both concentrations of CLQ (10 and 20 μM) significantly decreased SLNplex 
transfection efficiency, to 73.1 ± 12.1% and 64.4 ± 12.1% respectively. Likewise, the 
transfection fluorescence intensity decreased to 0.33 ± 0.12 and 0.21 ± 0.26 A.U. 
respectively. 
To confirm these data, we also analyzed the SLNplex transfection 
efficiency in the presence of the inhibitors Monensin (MON) and 3-Methyladenine 
(3-MA). MON is an ionophore and inhibitor of lysosome acidification, transport of 
Golgi apparatus and endoplasmatic reticulum which works by facilitating the 






acidification and autophagy inhibitor which works by sequestrating PI3K. First, we 
validated these inhibitors for endosomal acidification inhibition; the results can be 
seen in the supplementary section (figures S3 and S4, supplementary material, for 
MON and 3-MA, respectively). Next, we tested SLNplex transfection in the 
presence of these inhibitors. Both inhibitors led to a significant decrease in 
transfection efficiency when compared to SLNplex, and the results can be seen in 
the supplementary material (figure S5, supplementary material). Consistently, all 
lysosomal acidification inhibitors significantly decrease transfection efficiency 







Fig.3 – CLQ inhibits SLNplex transfection efficiency. SLNplex internalization and transfection 
efficiency in presence of Chloroquine (CLQ). SLNplex internalization in the presence of CLQ (10 and 
20 μM) was measured by (a) percentage of cells and (b) Rho-SLNplexes fluorescence intensity. 
SLNplex transfection efficiency in the presence of CLQ (10 and 20 μM) was measured by (c) 
percentage of cells and (d) GFP fluorescence intensity. The graphs show mean ± SD means; n = 3. 
(*) represents the statistical difference (p < 0.05) between average sample and control average 
corrected by Dunnett test. (e) Representative images for CLQ endosomal buffering validation in the 
presence of Lysotracker. Left column represents the HEK293T phase contrast; right column 
represents the Lysotracker fluorescence signal (RFP channel). The rows represent treatments: 






In addition, we evaluated the possibility of the inhibitors directly interact 
with the SLNplex. We assessed if the presence of the inhibitors could change 
SLNplex average diameter, thus weakening the complex interaction. Therefore, we 
incubated SLNplex with the previously tested inhibitors (CLQ, MON, and 3-MA) for 
4 h and measured the complex diameter using an NTA system. The result can be 
seen in the supplementary material (figure S6, supplementary material). Shortly, 
SLNplex diameter did not significantly change in the presence of inhibitors. 
 
Acidification triggers DNA release from SLNplex 
Since intracellular acidification does play an important role for SLNplex 
transfection, we decided to further investigate the underlying molecular 
mechanisms. We hypothesized that acidification would reduce the SLN-DNA 
complex stability, releasing the DNA content. So, we tested SLNplex stability at 
various pH values (6.0; 5.0; 4.5; and 4.0) to simulate the endosome-lysosome 
pathway pH. The media acidification resulted in higher amount of free DNA in the 
Agarose gel (figure 4(a)). For better insight of the result, we semi-quantified the 
DNA bands by pixel densitometry analysis. The analysis showed negligible levels 
of free DNA were detected at pH 7.0 (1.7 ± 2.1%) and the amount of free DNA 
increased in a pH-dependent manner, being more pronounced at the lowest tested 
pHs, 4.5 with 44.1 ± 20.7% and 4.0 with 80.5 ± 8.7% of free DNA (figure 4(b)). The 
statistical analysis shows that the amount of free DNA from all samples were 
significant different from control (Free DNA), except for pH 4.0. To find the turning 
point pH, we also tested the samples statistically against SLNplex on pH 7.0. The 
result shows that only pH 4.5 and 4.0 are significantly different from Control 
SLNplex. Comparing both statistical analyses, we found that pH 4.5 is different from 
both free DNA and control SLNplex (pH 7.0), indicating it should be the turning point 
for SLNplex releasing its DNA content. 
For a further insight into the DNA release mechanism from SLNplex, we 
used NTA. SLN alone and SLNplex were exposed to media in the previous pH 
range (6.0; 5.0; 4.5; and 4.0), followed by the determination of particle concentration 
and average size on the equipment. First, we investigated the acidification effect 






continuously increased from pH 7.0 (15.4 ± 0.6 × 108 particles) up to pH 4.0 (115.1 ± 
0.1 × 108) (figure 4(e)). Interestingly, SLN average size remained similar until pH 5.0 
(124.6 ± 6.5 nm), but it was significantly decreased (93.9 ± 5.5 and 83.25 ± 4.6 nm, 
respectively) when pH reached 4.5 and 4.0 (figure 4(f)). This shows that both 













Fig.4 – DNA is released from SLNplex in a pH-dependent manner. (a) representative 
image of agarose gel loaded with SLNplex after 4 h of acidification. From left to right, the lanes 
represent: 1) free DNA; 2) SLNplex on pH 7.0; 3) SLNplex on pH 6.0; 4) SLNplex on pH 5.0; 5) SLNplex 
on pH 4.5 and 6) SLNplex on pH 4.0. (b) Pixel density quantification on agarose gel representing the 
percentage of free DNA on each lane as decreasing the pH on SLNplex. Data represent means with 
standard deviation, n=3. One-way ANOVA statistical analysis and Tukey significant difference test 
were used. (*) represents the statistical difference (p<0.05) between sample and free DNA. (#) 
represents the statistical difference (p<0.05) between sample and SLNplex on pH 7.0. (c) SLNplex 
particle concentration and (d) mean size upon in vitro acidification from pH 7.0 to 4.0. (e) SLN particle 
concentration and (f) mean size upon pH decrease from pH 7.0 to 4.0. Data represent means with 
standard deviation, n=3. One-way ANOVA statistical analysis and Tukey significant difference test 







Interestingly, for SLNplex, the same characteristics behave differently. 
SLNplex particle concentration significantly decreased from 21.35 ± 0.5 × 108 
particles/mL at pH 7.0 to 7.3 ± 0.4 × 108 particles/mL at pH 4.5; then, at pH 4.0, 
SLNplex concentration suddenly rose to 26.1 ± 0.1 × 108 particles, reaching values 
similar to those for pH 7.0 (figure 4(c)). For average size parameter, SLNplex size 
significantly increased from 161.9 ± 2.6 nm at pH 7.0 to 260.7 ± 1.0 nm at pH 4.5; at 
pH 4.0, SLNplex average size decreased (175.0 ± 7.1 nm) back to initial values (figure 
4(d)). This result points out that particle concentration and average size are still 
governed in a pH-dependent manner, but the inclusion of DNA totally changes 
how the particle responds to pH, indicating that DNA electrophoretic turnover point 
is a key factor for the release mechanism. 
 
2.4.4. Discussion 
Nanomedicine raises the promise of treating diseases by using 
nanoparticles to deliver therapeutic agents, either drug or genetic material, to a 
target cell [29–31]. To deliver genes, nanomedicine must use nanocarriers that 
interact with genetic material, as does SLN in forming SLNplex. Next, SLNplex must 
be internalized by the target cell and use the cellular machinery to process the 
desired therapeutic outcome— e.g. protein expression for the case of gene 
delivery. Although, many studies in the literature have employed SLN to transfect 
mammalian cells [9, 32–34], the underlying intracellular mechanism used by 
SLNplex to deliver its DNA cargo remains unclear [9]. Therefore, the present study 
aims to demonstrate the mechanism of DNA release from SLNplex. 
We have demonstrated in the present study that SLNplex internalization 
is a time-dependent process with a saturation point, indicating its internalization 
mechanism is directed by protein-mediated rather than by passive diffusion. 
Among the protein-mediated transports, our data suggests that endocytosis—
especially clathrin-mediated endocytosis—is the main mechanism of 
internalization, as inhibiting this pathway decreases the number of SLNplex-
internalized cells, as well as the amount of SLNplex internalized by each cell. 
Interestingly, our data indicate that clathrin-mediated endo- cytosis is directly 






transfection efficiency. This also suggests that the endo-lysosomal pathway may 
be related to the SLNplex transfection mechanism, which is confirmed by the 
LAMP1-SLNplex colocalization. 
Along its route to the lysosome, SLNplex should undergo endosome 
acidification, a process that reduces the internal endosome pH from 7.0–7.2 to 3.8–
4.0 [21–23, 35]. To study the effect of this acidification on SLNplex transfection, we 
used CLQ, a small base molecule that can be protonated upon acidification, 
resulting in inhibition of the endosomal acidification. In this experiment, it is 
important to check for significantly decreased internalization, which could lead to 
a significantly decreased transfection not caused by the endosome acidification 
itself, but by the smaller number of nanoparticles internalized, as lysosomotropic 
agents can impact endocytosis as well, especially clathrin-mediated endocytosis 
[36, 37]. However, in this study, we found a decreased fluorescence intensity of 
SLNplex internalization when compared to control, though not statistically 
different. This intensity decrease can be explained by the pH-dependent 
fluorescence of Rhodamine B, used to label SLNplex in this experiment. To explain 
that difference, von Steyern et al [38] demonstrate that Rhodamine B fluorescence 
is pH dependent and increases 2.5-fold with the decrease of pH from 7.8 to 3.0. So, 
the inhibition the lysosomal acidification does decrease the total amount of 
fluorescence emitted by Rhodamine B when compared to the control condition 
In the literature, CLQ is commonly used in transfections to inhibit DNA 
degradation and as a ‘helper’ for DNA escape from the lysosome [39], thus 
increasing transfection efficiency [39–42]. Interestingly, however, we observed the 
inverse correlation with SLNplex, where the endosome acidification is, in fact, 
necessary for SLNplex transfection. Thrilled with this finding, we further 
investigated the release of DNA from SLNplex, based on acidification. The agarose 
gel test indicates that the inhibition of the endosome acidification done by CLQ 
decreases the transfection efficiency by preventing DNA release from SLNplex. 
Furthermore, it also indicated that pH 4.5, or the further end of lysosomal 
acidification, is the turning point leading to DNA release. 
Interestingly, the same turning point was found when we compared the 






exposed to in vitro acidification, the data suggests that a shattering process begins, 
in which the particle size decreases and the number of particles increases. 
However, the addition of DNA seems to counter the SLN shattering effect, until pH 
4.5—the same turning point at which DNA is released from SLNplex. 
To explain these facts, we propose the following DNA release 
mechanism from SLNplex. When SLN is alone in a lysosome during acidification, 
the DOTAP charge remains stable, while the number of stearic acid anionic 
headgroups decreases (pKa ∼6.8 [43]). At the same rate as anionic charges 
decrease, the stearic acid lipids begin to be more compact, minimizing the free 
energy of the system [44]. This increases lipid layer compactness by bringing 
charges together, thus, unbalancing SLN. To remain stable, the stearic acid expels 
the imperfections [44], promoting SLN shattering. On the other hand, when DNA is 
involved, the DNA nucleotide basic groups become protonated upon acidification, 
and the overall negative charges of the DNA is reduced [45], slowly retarding the 
electrostatic interaction with SLN. While the interaction is not broken, the DNA 
immobilizes the SLN, somehow protecting the SLN from the shattering effect. 
Remarkably, these findings further support the idea that DNA binds to SLN from 
the outside [46, 47]. However, as lysosome pH can reach pH values of 3.8–4.0 [21–
23] and DNA pKa is ∼4.3 [48], the nucleotide protonation eventually leads to its 
release from SLN. This information correlates well with the discovery of the 
SLNplex release turning point at pH 4.5. A schematic representation of this 








Fig.5 – Schematic representation of the mechanism of DNA release from SLNplex upon endosomal 
acidification. As the isoelectric point of DNA can be reached by endosomal acidification, an 
electrophoretic inversion of the DNA molecule might drive its release from the carrier (SLN). (+) 
means cationic charges, while (−) means anionic charges. The changes in the amount of cationic (+) 
or anionic (−) charges are noted here as the total numbers of (+) or (−) symbols in the figure. 
 
Interestingly, there is a statistical difference between SLNplex 
concentration at pH 4.0 and pH 7.0 in the total amount of particles (pH 4.0 shows 
4.7 × 108 more particles per milliliter compared to pH 7.0). This difference can be 
explained by partial or total dissociation of the SLNplex at pH 4.0, releasing the 
genetical material (DNA) from SLN. The released genetic material could be 
counted as a separate particle, thus rendering more particles at pH 4.0. Exactly how 
the number of particles is increased is not entirely clear, but we hypothesize that 
at pH 7.0 were found a majority of SLNplex particles, while at pH 4.0, the majority 
of DNA was released from SLN, resulting in more particles per milliliter. 
Although the exact mechanism of DNA release from lysosome is still 






on endosome acidification. While DNA release into the acidic environment of the 
lysosome might be harmful to DNA, thus decreasing transfection efficiency, we 
show that it is a necessary step towards transfection. Therefore, we suggest that 
further studies are required to determine the exact role of lysosome hydrolytic 
enzymes (e.g. DNase II and Lysosomal Acid Lipase) in SLNplex transfection and 
DNA release from lysosomes. Indeed, escaping from the lysosome is one of the 
major barriers for delivery, especially for genes [49]. 
 
2.4.5. Conclusion 
We have demonstrated that endosome acidification plays an important 
role in SLNplex transfection. Therefore, we propose a DNA release mechanism 
based on the necessity of acidification for SLNplex to release its DNA cargo. The 
underlying mechanism described in this work might help improve the rational 
design of new SLN formulations to improve the intracellular delivery of genetic 
materials. Moreover, these advances should improve the field of nano- medical 
research and bring about new therapeutic methods to cure diseases. 
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2.4.7. Supporting information 
 
Clathrin-mediated endocytosis is the main pathway for SLNplex transfection in 
HEK293T cells 
 
Fig. S1: Internalization and transfection efficiency of SLNplex in presence and absence of inhibitors. (A) 
normalized average percentage of cells that internalized rhodamine-labeled SLNplex; (B) SLNplex 
fluorescence intensity average of internalized rhodamine-labeled SLNplex; (C) normalized average 
percentage of positive eGFP cells and (D) average eGFP fluorescence intensity from transfection 
efficiency. Chlorpromazine (CPZ) inhibits clathrin-dependent pathway; Filipin III (FLP) inhibits caveolin-
dependent; Wortmannin (WTM) inhibits macropinocytosis pathway and without inhibitors (SLNplex). (*) 
represents statistical difference (P<0.05) between normalized sample average and without inhibitors 
average (SLNplex). 
 







Fig. S2: Colocalization of Clathrin (Alexa Fluor 488) and SLNplex in HEK293T during 4h incubation. (A) 
HEK289 cells were incubated with SLNplex labeled with Rhodamine-PE. Cells were fixed after 15´, 30´, 
1, 2, 3 and 4 h, stained with Clathrin (Alexa Fluor 488) antibody, nuclei (DRAQ5), and analyzed by 
confocal microscopy. Scale bar: 20µm. (B) Bar diagram showing the number of geometric centers 
colocalization between Clathrin and SLNplex. The graph shows mean ± SD of 150 cells with at least 15 
regions of interest (ROI) were selected for each time point, and the data represent means with standard 
deviation, n=3. (*) represents the statistical difference (p<0.05) between the average sample to all other 






Monensin and 3-methyladenine corroborates endosome acidification is, indeed, 
necessary for SLNplex efficient transfection. 
 
 
Fig. S3: Validation of endosomal acidification buffering effect of Monensin (MON). The 
representative images for monensin endosomal buffering validation in the presence of Lysotracker. The 
left column represents the HEK293T phase contrast, and right column represents the Lysotracker 
fluorescence signal (RFP channel). The rows represent treatments: without monensin, 1.25µM, 2.5µM, 








Fig. S4: Validation of endosomal acidification buffering effect of 3-methyladenine (3-MA). The 
representative images for 3-MA endosomal buffering validation in the presence of Lysotracker. The left 
column represents the HEK293T phase contrast, and right column represents the Lysotracker 
fluorescence signal (RFP channel). The rows represent treatments: without monensin, 2.5mM, 5mM 








Fig. S5: Effect of Monensin (MON) and 3-methyladenine (3-MA) inhibitors on SLNplex 
transfection efficiency. SLNplex transfection efficiency in the presence of Monesin (1.25µM to 20µM) 
was measured by (a) percentage of eGFP+ transfected cells and (b) eGFP fluorescence intensity of the 
transfected cells. SLNplex transfection efficiency in the presence 3-Methyladenine (2.5mM to 10mM) 
was measured by (c) percentage of eGFP+ transfected cells and (d) eGFP fluorescence intensity of the 
transfected cells. Graphs show mean ± SD, n=3. (*) represents the statistical difference (p<0.05) 










Fig. S6: Effect of Chloroquine (CLQ), Monensin (MON) and 3-methyladenine (3-MA) on SLNplex 
size. SLNplex was incubated for 4h with 20µM of CLQ or 20µM of MON or 10mM of 3-MA. Then, the 
average diameter of SLNplex was evaluated by Nanoparticle Tracking Analysis (NTA) System. Graphs 
show mean ± SD, n=3. (*) represents the statistical difference (p<0.05) between average sample and 























Capítulo 3 - Discussão 
A transfecção é uma das técnicas de biologia molecular que tem sido 
utilizada para o estudo das funções e vias de regulação de genes e proteínas nas 
células. Entretanto, para desenvolver suas aplicações (e.g., terapia gênica), se faz 
necessário o entendimento mais profundo sobre a interação nanopartículas e 
células. Essa interação pode ser estudada tanto do ponto de vista dos 
nanocarreadores utilizados na transfecção, em específico, sua estrutura e 
características físico-químicas, quanto do ponto de vistas das células, em 
específico, tentando entender como a célula capta e processa esses materiais do 
meio externo. Juntando ambas as perspectivas, podemos ter uma visão mais 
completa sobre esse processo. 
Por isto, o primeiro objetivo desta tese foi de estudar a organização e as 
características físico-químicas que contribuem para a transfecção da formulação 
de nanopartículas lipídicas sólidas (NLS) desenvolvida em nosso laboratório1-3 e 
aprimorar estas características com o proposito de maximizar a transfecção em 
células eucarióticas. Levando-se para esta perspectiva, a atividade de um 
nanomaterial em meio biológico é um processo que depende de diversos fatores, 
incluindo suas desde as características físico-químicas até o meio biológico em 
que se é utilizado. Inicialmente, focamos nos aspectos que dizem respeito às 
nanopartículas e realizamos uma vasta revisão de literatura sobre o conhecimento 
acumulado até então da estrutura das nanopartículas lipídicas, mais 
especificamente, como a organização do núcleo dessas nanopartículas afeta o 
carreamento de fármacos e de genes.  
As nanopartículas lipídicas sólidas (NLS) foram desenvolvidas como 
carreadores de fármacos na década de 904,5, mas somente  10 anos depois houve 
o primeiro relato de sua utilização como carreadores de genes6. Essa diferença 
temporal, aliada ao fato destas nanopartículas serem muito mais usadas para o 
carreamento de fármacos, levou a um maior acúmulo de informação sobre o 
mecanismo do carreamento de fármacos do que os mecanismos envolvidos no 
carreamento de materiais genéticos. Por exemplo, atualmente são conhecidos três 
modelos diferentes de incorporação de fármacos para as nanopartículas lipídicas 






enquanto que detalhes da organização dos complexos dessas partículas com 
materiais genéticos ainda são, de certa forma, controversos4,5,7. Em sua revisão da 
literatura, de Jesus e Zuhorn7, destacam que as evidências termodinâmicas 
sugerem que as forças motrizes de formação do NLSplexo são similares às forças 
motrizes de formação dos lipoplexos, já que ambos os processos de formação são 
espontâneos (DG<0) e a entalpia dos processos são positivas, indicando que os 
processos de formação dos complexos são dirigidos pela entropia do sistema. 
Notavelmente, isto pode sugerir que é possível aumentar a porcentagem de 
interação do material genético até certo ponto com o aumento da temperatura do 
sistema durante o processo, pois a entropia de qualquer sistema é diretamente 
proporcional à temperatura do mesmo. Os autores ainda relatam a sugestão, por 
parte da literatura, de um modelo para o NLSplexo, no qual, o material genético se 
adsorve na superfície da nanopartícula modulada por interações eletrostáticas 
entre ambos a partir de evidências experimentais que demonstram que enzimas 
degradadoras de ácidos nucleicos (nucleases) são capazes de remover 
parcialmente o material genético do complexo. Contudo, os autores concluem que 
ainda não é claro qual é a extensão desta degradação, já que há evidências de que 
o NLSplexo ainda apresenta capacidade de transfecção mesmo após a exposição 
à degradação enzimática in vivo. Em nosso trabalho de otimização da formulação 
de NLS (Capitulo 2.2), demonstramos que não houve diferença estatística entre a 
quantidade de DNA recuperado na formulação do ponto central e o DNA livre, 
indicando praticamente não houve perda/degradação significativa do material 
genético carreado pela formulação desenvolvida. Isto pode indicar que, apesar do 
material genético estar adsorvido na superfície da partícula, a interação 
eletrostática, em nosso caso, deve ser maior do que a afinidade da nucleasse pelo 
material genético.  
Já Rullaud e colaboradores8 demonstram ser contrários a este modelo, 
pois postulam que NLS cobertas com calixarenos não interagem apenas 
eletrostaticamente com o material genético. Os autores chegaram a esta 
conclusão após adicionarem alta concentração de sais no meio de formação do 
complexo e analisarem que a afinidade entre o material genético utilizado e as NLS 






cadeia de dupla hélice é dirigida majoritariamente pela entalpia do processo, 
enquanto que o sulco menor possui uma entalpia desfavorável para a interação, 
compensada pela entropia e concluem que a interação entre as NLS cobertas com 
calixarenos e o material genético é modulada pela razão AT/CG. Sequências 
majoritárias de AT interagem com o calixareno através do sulco menor, enquanto 
que sequencias majoritárias de CG interagem com o calixareno via sulco maior. Em 
nosso trabalho (capitulo 2.4) demonstramos que a liberação do material genético 
do complexo é inversamente proporcional à concentração de prótons no sistema 
e que isto pode estar relacionado com a inversão do ponto isoelétrico do material 
genético em pH 4.3. Isto pode indicar que o modelo de interação mais apropriado 
para NLSplexos contendo o lipídio DOTAP seja o modelo mediado por interação 
eletrostática. 
Além disto, também podemos inferir a partir de nosso trabalho que o 
núcleo sólido da NLS formado por ácido esteárico pode ter algum efeito de 
repulsão sobre a formação do NLSplexo, dificultando a sua formação e/ou 
tornando-o menos estável. Em pH fisiológico, mais de 50% das moléculas de ácido 
esteárico estão desprotonadas (pKa 6.59). Neste sentido, como a formulação 
apresenta quase 3 vezes mais moléculas de ácido esteárico em comparação com 
o número de moléculas de DOTAP e mais de 50% das moléculas de ácidos 
esteárico estão desprotonadas; portanto, entendemos que o ácido esteárico 
promova certa repulsão do material genético durante a formação do NLSplexo, 
não permitindo que que se acomode mais próximo da nanopartícula, dificultando 
e/ou tornando mais instável a formação do complexo. Contudo, infelizmente, isto 
é bem complexo de se avaliar empiricamente, já que as forças envolvidas são bem 
diminutas em comparação com outras forças envolvidas no processo. 
Possivelmente, essa hipótese pode ser testada a partir de monocamadas de 
Langmuir, variando-se proporções de acido esteárico:DOTAP e avaliando a 
pressão exercida do material genético nas camadas lipídicas. 
A propósito, Kanicky e Shah10 demonstram empiricamente que 
monocamadas de ácido esteárico possuem um pKa de 10.15. Christodoulou e 
Rosano11, estimaram um pKa de 9.0 para o mesmo lipídio por titulação. Contudo, 






espectroscopia de marcação de spin. Esta diferença (cerca de 3 ordens de 
grandeza entre pH 10.15 e 6.8) é um tanto intrigante. Primeiramente, espera-se que 
um ácido, por mais fraco que seja, se ionize em pHs bem mais ácidos do que 10.15 
ou 9.0, já que o pKa de uma molécula orgânica tende a não se alterar 
significativamente com o aumento da cadeia carbônica após cinco carbonos. 
Contudo, os primeiros autores argumentam que este alto pKa encontrado pode 
ser explicado pela maior proximidade das moléculas atraídas pelas forças de van 
der Waals. Nesta aproximação, os grupamentos carboxílicos de moléculas 
diferentes se aproximam, protegendo o próton entre dois átomos de oxigênio e 
inibindo, assim, a ionização do grupamento carboxílico. Com isto, o pKa da 
molécula se elevaria, podendo atingir pKa’s acima 8.0. Levando este dado para o 
complexo estudado aqui, então, a carga do ácido esteárico no pH fisiológico seria 
praticamente neutra, já que mais de 50% das suas cargas estariam protonadas. 
Neste sentido, o ácido esteárico promoveria mínima repulsão do material genético 
durante a formação do NLSplexo, facilitando, assim a formação deste complexo.  
Além da controvérsia sobre o modelo do NLSplexo, ainda há pontos 
sobre organização interna das NLS que necessitam maiores esclarecimentos, 
apesar de todas as informações já obtidas pelo carreamento de fármacos. Dentre 
estes pontos, o modelo estrutural da NLS propriamente dito. O modelo estrutural 
clássico da NLS conta com um núcleo sólido envolto por uma monocamada de 
moléculas anfifílicas. Esta hipótese foi baseada em conceitos de microemulsões 
óleo-em-água e foi aplicado para NLS sem haver evidências experimentais que 
sustentassem o modelo exatamente com proposto, como descrito no capítulo 2 
deste trabalho. Poucos estudos se propõem a aprofundar os conhecimentos sobre 
a estrutura dessas nanopartículas e um número ainda menor de trabalhos 
tentaram questionar o modelo em questão. Por exemplo, Heiati e colaboradores12, 
em 1996, tentaram propor um modelo de NLS no qual uma bicamadas lipídicas 
circunda o núcleo sólido baseado no fato de ser necessário uma quantidade 
significativamente maior de fosfolipídios para obtenção de NLS do que a 
quantidade requerida para obtenção de uma monocamada ao redor do núcleo. 






ainda se mostra aberta já que não fomos capazes de encontrar outros estudos 
abordando o assunto.  
Após a analise minuciosa sobre NLS, partimos para a otimização da 
formulação de NLS desenvolvida em nosso laboratório3,13,14. Neste estudo, nosso 
objetivo foi de obter NLS mais eficiente para o carreamento de genes e 
transfecção de células eucarióticas. Para atingir este objetivo, avaliamos as 
nanopartículas tanto quanto aos seus parâmetros físico-químicos (e.g. tamanho, 
potencial Zeta, polidispersão), como parâmetros biológicos (e.g. interação com 
material genético, proteção contra DNase I, eficiência de transfecção e toxicidade) 
através de um planejamento fatorial. 
O planejamento fatorial é uma ferramenta que permite a otimização de 
processos através da variação dos seus parâmetros experimentais, permitindo 
trabalhar com inúmeros parâmetros experimentais ao mesmo tempo com um 
número reduzido de ensaios, quando comparado com modelos univariados15. Para 
esta análise, selecionamos os três componentes principais da composição das 
NLS (ácido esteárico, DOTAP e Pluronic F68) para serem variados em duas 
concentrações (dois níveis), formando um modelo experimental 23. Como tínhamos 
uma formulação que já apresentava bons resultados de transfecção 
anteriormente3,13, decidimos utilizar esta formulação como ponto central do 
planejamento e utilizamos 3 pontos centrais para estimarmos a variância do 
planejamento..  
Ao final da análise, contudo, a formulação que apresentou os melhores 
resultados, segundo os parâmetros estabelecidos, foi uma muito próxima ao da 
formulação original (ponto central do modelo experimental). Uma primeira 
hipótese para explicar este resultado é a possibilidade de que esta formulação já 
foi otimizada empiricamente anteriormente durante o desenvolvimento da 
formulação{deJesus:2013iy} e/ou por de Jesus e colaboradores2. Neste trabalho, 
os autores analisam o efeito do lipídio 1,2-Dioleoil-sn-glicero-3-fosfoetanolamina 
(DOPE) na formulação de NLS. De Jesus e colaboradores hipotetizaram que o 
DOPE poderia induzir um aumento da eficiência de transfecção em NLS, da 
mesma forma que este lipídio o faz em lipossomas16. Estudos com lipossomas 






formação de estruturas com fase hexagonal invertida em lipossomas, as quais 
desestabilizam as membranas do endossomais, facilitando o escape do material 
genético para o citoplasma. Todo este processo promoveria o aumento de 
eficiência de transfecção de lipossomas contendo o lipídio DOPE em comparação 
com a formulação sem o mesmo. 2,16. Para analisar este efeito em NLS, de Jesus e 
colaboradores variaram de forma empírica a formulação NLS para tentar obter 
melhores resultados de eficiência de transfecção, mas concluem que a presença 
de DOPE inibe a eficiência de transfecção da formulação de NLS analisada. Com 
isto, é possível que a formulação de NLS já estaria otimizada dentro da área 
analisada pelo planejamento fatorial quando este ultimo estudo foi realizado.  
Uma segunda hipótese para explicar a similaridade da formulação 
otimizada com a formulação inicial é que, possivelmente, esta similaridade pode 
ter ocorrido pelo fato de termos superestimado os efeitos de cada componente 
na formulação. Isso teria levado a variarmos muito pouco a concentração dos 
componentes da NLS, provocando uma limitação na área total analisada de 
formulações. Da mesma forma, ao caso supervalorizamos os efeitos dos 
componentes, possivelmente acabamos subestimando os efeitos da interação 
entre estes em cada teste. Com isto, verificamos apenas os efeitos principais de 
cada componente. Apesar disso, a análise estatística se mostrou com boa 
correlação (R2>0.8) entre o desenho experimental e suas variáveis, demonstrando 
que estas variações tiveram pouca influência sobre o resultado final.  
Contudo, ambas as hipóteses anteriores têm a prerrogativa de que esta 
formulação de NLS está otimizada globalmente (i.e. em todas as combinações 
possíveis de concentrações entre seus componentes). Para avaliar se esta 
prerrogativa está correta, poderíamos, por exemplo, aumentar o número de 
concentrações analisadas (e.g. utilizando um planejamento 33) ou aumentar a 
distância entre concentrações analisadas, promoveria a visualização de uma área 
maior ao redor da formulação original. Desta forma, poderíamos ter dados mais 
precisos sobre quais componentes ou interações entre estes componentes que 
mais influenciam os parâmetros físico-químicos e biológicos da NLS.  
Devido a similaridade entre a formulação otimizada e a formulação 






por já termos outros artigos já publicados em literatura com a 
formulação{deJesus:2010if, deJesus:2010cr, deJesus:2014bx, deJesus:2013iy}, em 
conjunto com o depósito da patente ao INPI (BR 10 2012 027330-6 A2) juntamente 
com seu método de produção. 
Após avaliarmos a eficiência e otimizarmos a formulação de NLS 
desenvolvida pelo nosso laboratório, passamos a avaliar a segunda parte de nosso 
objetivo, especificamente, determinar o mecanismo de interação da formulação 
otimizada com células eucarióticas. Para isto, retornamos à literatura para entender 
como avaliar esta interação. Neste estudo, avaliamos as principais técnicas para o 
estudo de nanomateriais e células com o objetivo de determinar os mecanismos 
moleculares envolvidos no processo, em especifico discutimos o uso de inibidores 
de internalização, da microscopia confocal e da citometria de fluxo como forma de 
entender a interação dos nanomateriais e células. 
Apesar do crescimento da nanotecnologia e da nanotoxicologia nos 
últimos anos, poucos estudos até então investigam a interação entre as 
nanopartículas lipídicas e células, especialmente sobre os mecanismos de 
liberação do material genético do nanomaterial, sua degradação e mecanismos 
efetores na transfecção17. O primeiro passo para se estudar esta interação é 
entender como o nanomaterial é internalizado, pois, a eficiência de transfecção é 
dependente de diversos fatores, como a linhagem selecionada, a fisiologia celular, 
o material da nanopartícula e a quantidade de partículas internalizadas 18-20, faz-se 
necessário iniciar os testes através do ensaio de cinética de internalização para se 
definir o tempo necessário para saturação das células com as nanopartículas.   
Após a definição do tempo de saturação das células com as 
nanopartículas, é necessária a determinação da via de internalização. Como a 
difusão simples dos materiais nanométricos para o interior das células é 
termodinamicamente desfavorável, em geral as vias de endocitose são utilizadas 
para internalização dos carreadores de genes19,21,22. Do ponto de vista celular, 
diversos estudos falharam ao tentar demonstrar qualquer dominância de uma via 
de endocitose particular para uma transfecção eficiente18, Por isto, em décadas 
passadas, diversos estudos tentaram modificar a superfície dos seus carreadores 






foi a utilização de polietilenoglicol (PEG) recobrindo a superfície do carreador, o 
que aumentaria a internalização da partícula23. Inclusive, estudos tinham indicado 
que tal polímero também aumentaria o tempo de circulação do carreador na 
corrente sanguínea24. Contudo, estudos mais recentes tem questionado tais 
indicações, demonstrando que o uso de PEG em carreadores diminui sua 
internalização em diversas linhagens celulares24-28 e aumenta a adsorção de 
proteínas na corrente sanguínea, o que diminui seu tempo de circulação 24,29. 
Portanto, a elucidação da via de endocitose continua sendo o primeiro passo para 
entender e melhorar a eficiência de transfecção de nanocarreadores. 
Há diversos métodos para se realizar tal determinação30, mas 
recomendamos o uso de inibidores de internalização pela facilidade de uso e 
custo. Entretanto, como os inibidores utilizados não são altamente específicos para 
inibir a via de endocitose prescrita, é prudente validar seu uso para a linhagem 
utilizada com marcadores da via endocitose, como inibição da internalização de 
transferrina com inibidores da via mediada por clatrina ou cólera toxina para vias 
mediadas por caveolina.  Além disso, alguns inibidores podem produzir severa 
citotoxicidade em determinadas linhagens celulares. Neste caso, também é 
prudente analisar e validar que a concentração utilizada não diminui 
significativamente a viabilidade celular da linhagem testada a fim, minimizando, 
assim, possíveis efeitos decorrentes da toxicidade do inibidor. Após determinada 
via de internalização da nanopartícula, pode-se, finalmente, estimar a contribuição 
de cada via de internalização para o efeito biológico desejado, em nosso caso, a 
transfecção.  
Em nosso trabalho, todo este processo até a contribuição da 
internalização para a transfecção pode ser observado nos estudos com linhagem 
celular HEK293T e NLSplexo (Capítulo 5 desta tese). Inicialmente, realizamos a 
cinética de internalização e obtivemos que 4 horas de internalização são 
necessárias para que as células atingem a saturação de NLSplexo. Após, 
determinamos a via de internalização com o uso de inibidores de endocitose, 
seguida de colocalização com a via determinada para validação da via encontrada. 
Em nosso caso, as evidências apontem que o NLSplexo é internalizado 






contribuições significativas, desconsiderando possíveis efeitos compensatórios da 
inibição da via endocítica. Na sequencia, observarmos que a contribuição 
majoritária de endocitose mediada por clatrina para o efeito biológico desejado, 
sugerindo que esta via está diretamente e positivamente implicada na transfecção. 
Interessantemente, em outro estudo em nosso laboratório com linhagem de 
câncer de mama (MCF-7), observamos que a inibição da via mediada por clatrina 
promove o aumento da transfecção da mesma formulação de NLSplexo (dados 
não publicados). Neste caso, possivelmente ou via dependente de clatrina seria 
prejudicial para o efeito biológico ou a sua inibição promove algum efeito 
compensatório na via que promove a transfecção. Ambos os dados reforçam a 
ideia de não haver dominância de uma via de endocitose particular para haver uma 
transfecção eficiente, assim como linhagem-dependente.  
Para o estudo do tráfego intracelular, recomenda-se um raciocínio 
similar ao anterior: o uso de inibidores da acidificação endossomal e colocalização 
com organelas ou estruturas de interesse através de microscopia confocal. 
Inicialmente é determinado o pico máximo de colocalização do carreador com 
lisossomo, para então, em seguida, determinar o papel da acidificação endossomal 
para o efeito biológico desejado no tempo encontrado. Então, determina-se a 
contribuição das enzimas hidrolíticas (e.g. lipases, DNases, hidrolases) que podem 
estar relacionadas com o efeito biológico e por fim, determina-se a contribuição 
de outros processos celulares, tais como a autofagia, exocitose, etc. Com todos 
estes dados, então, é possível se determinar o mecanismo para se atingir efeito 
biológico observado. Para facilitar a visualização de todos os processos, 







Fig.1 – Fluxograma para a determinação do mecanismo do efeito biológico ao estudar a interação 
entre as nanopartículas e células. 
 
Contudo, devemos ressaltar que este estudo leva em conta apenas o 
modelo clássico de internalização e tráfego intracelular, no qual endossomo 
precoce, endossomo tardio e lisossomo são três organelas totalmente 
independentes, diferentes e de fácil identificação. Estudos mais recentes tem 
indicado que estas organelas são extremamente dinâmicas e passam por continua 
transformação, maturação, fissão e fusão, tornando a via mais complexa do que 
analisado aqui 31. Por isso, o uso dos marcadores moleculares descritos no capítulo 
5 deve ser utilizada apenas como forma indicativa de colocalização da 






é muito clara na literatura. Portanto, os dados observados a partir destas técnicas 
podem não ser preciso, porém podem servir para se ter uma idéia do tráfego 
intracelular. Para exemplificar este fato, A marcação do lisossomo frequentemente 
tem-se dado com a marcação LAMP-1 ou Rab-7 32. Porém, estas proteínas também 
são encontrada em endossomos tardios em quantidades comparáveis ao do 
lisossomo32,33. Por isto, é possível que uma distinção entre ambas organelas pode 
se fazer necessária. Caso isto aconteça, recomendamos a utilização de marcação 
conjunta de uma dessas proteínas (LAMP-1 ou Rab-7) com o receptor de manose-
6-fosfato, já que a ausência do receptor de manose-6-fosfato é uma característica 
intrínseca dos lisossomos, mas está presente nos endossomos tardios 32.  
Por fim, utilizamos a sequência proposta acima para determinação do 
efeito biológico desejado (em nosso caso, transfecção) para a NLS otimizada 
(Capítulo 3). Dentre todos os processos descritos aqui, destacamos que o papel da 
acidificação no tráfego intracelular de NLSplexos ainda não havia sido abordada 
na literatura e, portanto, decidimos avaliá-la através do NLSplexo em células 
HEK293T/17 (capítulo 5). A linhagem HEK293T/17 foi escolhida para este ensaio, 
pois é uma linhagem celular que apresenta altos níveis de transfecção, por isso, é 
normalmente utilizada para a produção de vetores virais e proteínas 
recombinantes34. Neste sentido, tivemos uma alta eficiência de transfecção (>60% 
das células), requisito mínimo para estudarmos o mecanismo molecular desse 
processo.  
Neste capítulo demonstramos pela primeira vez, que a acidificação 
endossomal é um processo celular crucial para a transfecção mediada por 
NLSplexo em células HEK293T/17, no qual a NLS promove a liberação da sua 
carga de DNA quando o pH do lisossomo se encontra abaixo de 5.0. Os 
mecanismos intracelulares que levam a liberação do conteúdo carreado por NLS 
ainda são pouco conhecidos7. Apesar disto, de Jesus & Zuhorn7 propuseram 
alguns possíveis mecanismos de liberação dos complexos de NLS e DNA em seu 
trabalho. Os autores discutem que para lipossomas catiônicos, é bem aceito a 
hipótese de desestabilização da membrana endossomal. Para NLS, os autores 
discorrem que ainda é necessário determinar se este mecanismo também 






haver a possibilidade de ocorrer este mecanismo, devido a estrutura mais rígida da 
NLS, não haver evidencias que apoiam o lipid mixing entre NLS e membranas 
biológicas e nem evidencias que apoiem a existência de estruturas não-
bimemebranas para estas nanopartículas. Portanto, este trabalho abre 
perspectivas para se elucidar o mecanismo de transfecção mediada por 
nanopartículas lipídicas, em especial, através de NLS, assim como de entender 
melhor o modelo de interação entre a NLS e o material genético.  Entretanto, 
devemos ressaltar que este efeito pode ser linhagem-dependente, apesar de 
resultados preliminares de nosso grupo de trabalho indicarem que s linhagem de 
células de câncer de cabeça e pescoço (HSC-3) apresenta um efeito similar 
quando a acidificação endossomal é inibida, tanto em cultura de células tradicional 
(2D) quanto em cultura 3D. 
Com relação ao uso de agentes lisosomotrópicos (e.g., cloroquina, 3-
metiladenina e monensina), vemos que seu uso para auxiliar na transfecção ainda 
é discutível na literatura7. De um lado, Olbrich e colaborares6, juntamente com 
Tabatt e colaboradores35 e Rudolph e colaboradores36 atestam que a acidificação 
endossomal é prejudicial para a transfecção e que uso de tais agentes aumentam 
a eficiência de transfecção de NLS. Por outro lado, Delgado e colaboradores37 
juntamente com nossos dados apontam o inverso (i.e., que acidificação 
endossomal é necessária para uma transfecção eficiente de NLS). Apesar de 
Delgado e colaboradores apontarem para a relação entre atividade lisossomal e 
liberação do material genético, nosso estudo consegue demonstrar que a 
acidificação endossomal é o gatilho molecular responsável pela liberação do 
material genético. Possivelmente, esta diferença pode ser devido à presença de 
protamina, um peptídeo que condensa o material genético e, a principio, auxilia na 
sua translocação para o núcleo, em sua formulação.  
Interessantemente, pela hipótese desenvolvida no capitulo 2.4, o núcleo 
sólido pode desempenhar um papel auxiliar no efeito de liberação do material 
genético, pois Mercado e colaboradores 38 relatam que em pH>4.0, monocamadas 
de ácido esteárico permitem a inserção de outros lipídios (no caso, 1,2-Dimeristoil-
sn-glicero-3-fosfatidilcolina, ou DMPC) em sua estrutura. Porém, quando o pH 






permitem sua mistura com DMPC, expulsando-o da sua fase. Isto poderia ser uma 
possível explicação para os resultados observados sobre o esfacelamento das 
NLS. Durante a acidificação endossomal, o núcleo sólido das NLS (formado por 
ácido esteárico) se condensaria, levando à expulsão dos outros componentes que 
causariam imperfeiçoes em sua fase: em nosso caso, o DOTAP e o Pluronic F68. 
Isto promoveria um aumento significativamente do número de partículas, assim 
como uma diminuição do tamanho da partícula com a acidificação do pH 
endossomal, mas principalmente acontecendo no pH próximo a 4.0, como 
demonstrado pelos resultados apresentados nas figuras 4(e) e 4(f) do capítulo 5 
deste trabalho. Já para NLSplexo, as forças de interação eletrostática do material 
genético com a partícula seriam suficientemente maiores do que a força de 
expulsão do DOTAP e Pluronic F68 promovida pela compactação das camadas de 
ácido esteárico, o que evitaria o efeito de esfacelamento da nanopartículas até 
bem próximo do pH 4.0. Neste sentido, isto pode ser demonstrado na fraca 
liberação de material genético até pH 5.0 e se acentuando em pH 4.5 (figura 4(a) e 
(b) do capitulo 2.4). Entretanto, este balanço de forças promoveria certa 
instabilidade na partícula, forçando-as a se aglomerarem para se manterem 
estáveis ao redor do material genético.  Entretanto, no pH 4.0, a força de 
compactação das camadas de ácido esteárico se torna superior às forças de 
interação eletrostática com o material genético, fato que facilitaria a expulsão 
conjunta do material genético, DOTAP e Pluronic F68 de forma abrupta, como vista 
na rápida liberação do material genético no gel (figura 4 (a) e (b), capitulo 2.4).  
Neste cenário, então, hipotetizamos que, após a liberação do material 
genético, a NLS é esfacelada com a expulsão do DOTAP e Pluronic F68 da fase do 
ácido esteárico, sendo o DOTAP degradado por hidrólise ácida39 com a liberação 
de cadeias de ácido oleico e ácido esteárico; o Pluronic F68, por sua vez, pode ser 
incorporado na membranas interiores da célula. Batrakova e colaboradores40 
descrevem que o Pluronic F68 pode ser localizado principalmente nas membranas 
do retículo endoplasmático e da mitocôndria, com indícios de que pode se associar 
com domínios lipídicos que contenham caveolina-1. Com relação ao material 
genético transportado, na forma de poli-cátion, o material genético pode se 






15% dos lipídios envolvidos do lisossomo e até 70% em domínios específicos na 
membrana interna da organela e se colocaliza com LAMP-1 e CD-6341. Como 
descrito anteriormente, o BMP pode estar associado à reclicagem de proteínas 
lisosomais 42,43.  Contudo, mais estudos são necessários para entender melhor o 
exato mecanismo de liberação de material genético, estrutura e degradação das 
NLS.  
Ainda, podemos verificar que outras variáveis ainda podem ser 
analisadas futuramente para se ter um panorama mais abrangente do mecanismo 
de transfecção da NLSplexo. Dentre estes, destacamos o estudo de colocalização 
do material genético carreado com o lipídio bis(monoacilglicero)fosfato (BMF) no 
lisossomo. Em condições naturais de pH, enzimas como esfingomielinase ácida, 
cujo ponto isoelétrico é 6.844, são poli-ânions. Contudo, ao passar pela acidificação 
endossomal, a esfingomielinase ácida torna-se poli-catiônica. Esta inversão do 
ponto isoelétrico da enzima, promove a interação eletrostática com o BMF, 
protegendo a enzima de hidrolases ácidas contidas no lisossomo42,44. A partir dos 
dados obtidos neste trabalho, hipotetizamos que uma interação similar pode 
acontecer entre o material genético e o BMF, dado que o material genético se 
apresenta na forma majoritária de poli-cátions em pH 4.0, da mesma forma que a 
esfingomielinase ácida. Este dado complementaria o modelo da liberação do 
ácido nucleico descrita anteriormente, além de indicar um possível mecanismo de 
saída do material genético do lisossomo.  
Após isto, testes de inibição de enzimas degradativas da NLS se fazem 
necessárias para determinar a via de degradação da nanopartículas. Indicamos a 
possibilidade de inibição de proteínas como estearoil-Coenzima A dessaturase, 
que convertem ácido esteárico em ácido oleico e lipase ácida lisossomal, que é 
capaz de hidrolisar a cabeça polar do DOTAP, liberando suas cadeias de ácido 
oleico. Então, se faz necessário mais estudos sobre o sistema endo-lisossomal e 
seu tráfego intracelular, especialmente relacionado ao lisossomo. Esta organela é 
tida como o ponto final da degradação celular 31, porém, poucos estudos tentam 
avaliar como os produtos da degradação, como os ácidos graxos utilizados na NLS, 






mecanismo de liberação destes produtos da degradação está envolvido nesta 
reciclagem.  
Como última etapa deste estudo, o doutorando participou do Programa 
de Doutorado Sanduíche no Exterior (PDSE) através Coordenação de 
Aperfeiçoamento Pessoal de Nível Superior (CAPES) na Universidade da Califórnia, 
San Francisco (UCSF) em conjunto com Profa. Dra. Yvonne L. Kapila (Processo 
#88881.13324/2016-01). O objetivo deste projeto foi de comparar o modelo de 
cultura de células convencional (2D) com o modelo de cultura de células de 
esferóides (3D) e, especificamente, mostrar diferenças na internalização, 
endocitose e tráfego intracelular do NLSplexo estudado anteriormente em 
linhagem de carcinoma de células escamosas de cabeça e pescoço (HNSCC) 
nestes dois modelos (artigo no prelo).  
Neste estudo, observamos ligeiras diferenças entre ambos os modelos, 
principalmente com relação ao tempo de internalização e a eficiência de 
transfecção. Para o modelo convencional de cultura de células (2D), as células de 
HNSCC atingiram a saturação de NLS com cerca de 3h de internalização. Já o 
modelo esferoide (3D) apresentou a saturação com 1h de internalização. Com 
relação à transfecção, o modelo 2D apresentou cerca de 30% de transfecção, 
enquanto que o modelo 3D apresentou ~100% de transfecção, como mostra a 
figura 3. Interessante notar esta drástica diferença entre ambos os modelos a qual 
reforça a importância da comunicação célula-a-célula em organoides tumorais. 
Por exemplo, Ellisson e colaboradores45 demonstram como esta comunicação é 
importante para o crescimento células em um organoide face a exposição de um 
gradiente de fator de crescimento epidermal (do inglês Epidermal Growth Factor 
ou EGF). No estudo, os autores mostraram um crescimento assimétrico do 
organoide apenas de cuja parte que estava exposta ao gradiente de EGF. 
Discutindo este resultado, Rappel46 realça a importância da comunicação célula-
a-célula para este crescimento assimétrico e a tendência do organoide em migrar 
para tal direção. Contudo, em nosso estudo, não pudermos discernir se esta 
transfecção foi devido ao compartilhamento do material genético ou da proteína 








Fig.2 – Transfecção do NLSplex em células HNSCC no modelo organóide (3D) após 24h de 
internalização. A coluna no canto esquerdo representa o núcleo das células do organóide (coradas 
com Hoescht 33342); A coluna no centro-esquerdo representa a expressão de GFP por estas 
mesmas células; a coluna centro-direita representa a presença do NLSplexo nas células (corado 
com Rodamina-fosfatidiletanolamina); a coluna no canto direito representa a junção das 3 colunas 
anteriores. As linhas representam a visualização do organóide, no qual a linha superior representa 









Capítulo 4 - Conclusão 
Através deste trabalho foi possível concluir que a composição da 
formulação (i.e., NLS1) utilizada já estava otimizada para transfecção dentro da área 
analisada pelo planejamento fatorial, pois a formulação encontrada no 
planejamento fatorial foi bastante similar à formulação original, otimizada 
empiricamente.  
O mecanismo de internalização na NLS em células HEK293T foi 
elucidado, sendo o nanomaterial internalizado através de endocitose, 
majoritariamente pela via dependente de clatrina, tendo o máximo de intensidade 
após 2h de incubação. A NLS segue, então, para o lisossomo, tendo o pico máximo 
após 6h de incubação. Finalmente, foi demonstrado que a acidificação 
endossomal é necessária para a liberação do material genético da nanopartícula, 
o que está correlacionado com alta eficiência de transfecção em linhagem 
HEK293T. 
Por fim, esperamos que os dados obtidos nesta tese auxiliem no 
entendimento da estrutura da NLS e dos mecanismos subjacentes à transfecção. 
Com isto, pode-se promover um melhor entendimento do efeito biológico dos 
nanomateriais em sistema biológico e, a partir destes dados, será possível otimizar 
a formulação de forma racional e específica. Desta forma, então, a nanomedicina 
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Apêndice I – Resumos apresentados em congresso. 
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Strategies for studying endocytosis of nanoparticles 
Radaic, A.; Pugliese, G.O.; de Jesus, M.B. 
 
Nano-Cell Interactions Lab., Department of Biochemistry, Institute of Biology, UNICAMP, 
Campinas, SP, Brazil. 
 
Although in recent years there has been an increasing amount of literature on 
nanotechnology and their clinical applications, it is still scarce a deep 
understanding about the interactions between nanoparticles and cells. Studies 
demonstrating the underlying mechanisms of nanoparticles endocytosis, 
intracellular trafficking and cellular processing are imperative to better understand 
how cells interact with those materials and their possible undesired effects, e.g. 
increase in Reactive Oxygen Species. The rising awareness concerning 
nanoparticles applications and its interactions with cellular environment is part of 
the new research field called Nanotoxicology. The cumulative knowledge in 
nanotoxicology will allow us to foresee toxic effects, establish regulations and 
limits for nanoparticles applications. In this work, we debate not only the theoretical 
concepts about studying endocytosis and intracellular trafficking of nanoparticles, 
but we also show some experimental design and critically discuss the results. The 
nanoparticles-cell interactions are a multi-step process, which can be divided as 
nanoparticles’ internalization, intracellular processing and triggering effects of 
nanomaterials on eukaryotic cells. Finally, we discuss the main techniques used to 
study this process: flow cytometry, use of endocytosis inhibitors and confocal 
microscopy.  
 
Keywords: Endocytosis; Intracellular Trafficking; Nanomaterials, Nano-Cell 
Interactions. 
 








































Endocytosis and intracellular trafficking of Solid Lipid 
Nanoparticles gene delivery system in HEK cells 
  
Radaic, A.; Ferreira, L.A.B.; Campese, G.; de Jesus, MB  
Nano-Cell Interactions Lab., Department of Biochemistry and Tissue Biology,  
Institute of Biology, University of Campinas, UNICAMP, Campinas, SP, Brazil  
  
INTRODUCTION: Plasma membrane is selectively permeable, which makes it 
impermeable for most of nanomaterials. Therefore, nanomaterials must exploit 
endocytic pathways to gain entry into the cell. Determining the specific endocytic 
pathway of the nanoparticles is important to understand the mechanisms involved 
in their intracellular fate, biological effect and possible toxicity. OBJECTIVE: We aim 
to determine the endocytic pathway and intracellular trafficking solid lipid 
nanoparticles as gene delivery system in HEK cells.  MATERIAL AND METHODS: 
We used labeled nanoparticles in presence of inhibitors to determine the 
internalization pathway. Co-localization of nanoparticles with lysosomal-
associated membrane protein 1 (LAMP1) was performed using confocal 
microscopy. Finally, we used chloroquine, a lysosomotropic agent that prevents 
endosomal acidification, to test the endosomal acidification in DNA release 
mechanism. RESULTS AND DISCUSSION: Internalization in presence of inhibitors 
showed that chlorpromazine, inhibitor of clathrin-mediated endocytosis, 
significantly decreased the uptake and the transfection efficiency of solid lipid 
nanoparticles in HEK cells. Co-localization with LAMP1 reached the higher levels 
after 6h of treatment. The lysosomotropic agent dropped significantly the 
transfection efficiency, indicating that endosomal acidification could be associated 
to DNA release mechanism. CONCLUSION: Solid lipid nanoparticles gained access 
into HEK cells mainly via clathrin-mediated endocytosis. Nanoparticles were driven 
to lysosomal compartment within 6h. Finally, the acidification can be vital for DNA 
release, as indicated by transfection in presence of chloroquine.  
 
Keywords: solid lipid nanoparticles, transfection, gene delivery, intracellular 
trafficking, endocytosis.  
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Chemical Characterization of the Copaiba's oil essence and Cell Viability Study 
 
Santos JM1, Souza VB2, Radaic A3, Mazon SB4, Queiroga C3, Schenk AA2, Cunha 
IBS3, Marques LA5, Eberlim MN5 
 
1Estudante do curso de farmácia, Universidade Estadual de Campinas; 2Departamento de 
Farmacologia, Unicamp; 3Instituto de Biologia, Unicamp; 4Departamento de Patologia Clínica, 
Unicamp, 5Departamento de Química, Unicamp. 
 
Introdução. O gênero Copaifera sp (Leguminosae – Caesalpinioideae), conhecido 
popularmente como ‘Copaíba’, ‘Copaibeiras’, ‘Pau d’óleo’ que ocorre na África (4 
spp.), nas Américas Central (4 spp.) e do Sul (cerca de 37 spp.) apresenta 
propriedades farmacológicas importantes. Apesar de aplicações comprovadas 
cientificamente como a ação diurética, antisséptica do aparelho urinário, 
cicatrizante, anti-inflamatória e inibidor tumoral ainda há controvérsias com relação 
à variação nas características físico-químicas dos óleos de copaíba. Nesse 
contexto, avaliamos comparativamente as características químicas de 3 tipos de 
óleos resina e seus respectivos efeitos antineoplásicos contra a linhagem celular 
de glioblastoma humano (U251). Metodologia. A análise da composição dos óleos 
de copaíba (W-proveniente da região de Pernambuco; P1 (comercial) e R (do Pará) 
foram feitas através de um sistema de cromatografia a gás acoplada a 
espectrômetro de massas, o EASI-Orbitrap, baseado na separação dos compostos 
para posterior detecção. Utilizou-se o Orbitrap Q-Exactive (Thermo Fisher Scientific 
- Alemanha) Espectrômetro de Massa com resolução de 140.000@400. Os 
espectros de massa foram obtidos com o software Xcalibur 2,0 (Thermo Fisher 
Scientific). O intervalo de varredura foi m/z 700-1.000 e m/z 200-500 nos modos 
de íons positivos e negativos, respectivamente. Para avaliar a citotoxicidade e 
viabilidade celular utilizou-se ensaio colorimétrico do MTT (3-[4,5- dimetiltiazol-2-
il]-2,5-difenil brometo tetrazolina). 9000 células/poço (linhagem celular de 
glioblastoma humano - U251) foram dispostas em placas de 96 poços. As células 
foram tratadas com óleo de copaíba em concentrações logarítmicas de 100-0, 
0001µg/ml (100uL/poço). Após 72 horas de incubação as placas foram 
centrifugadas por 5 minutos. O sobrenadante foi removido, e em seguida, 
acrescentado o MTT (Sigma, M5665) 5mg/mL dissolvido em tampão PBS (Sigma 
P4417). Em seguida, as placas foram incubadas por 4 horas a 37◦C, em atmosfera 
umidificada a 5% CO2. Após esse período, as placas foram centrifugadas 
novamente, o sobrenadante removido, e os cristais de formazan foram dissolvidos 
em 150 uL de álcool isopropílico. A absorbância foi realizada no leitor de placas 
Synergy ELISA (Bio Tek Instruments, Highland Park, Winooski, USA) a 570nm. O 
experimento foi realizado em triplicatas e os resultados apresentados em valores 
de média ± desvio padrão. Utilizou-se o quimioterápico doxorrubicina como 
controle positivo. Resultados. Os espectros obtidos foram baseados em estudos 
de revisão que reúnem os principais tipos de compostos encontrados no óleo de 






nos óleos, dentre eles o ácido 3-clerodeno-15,18-dióico, ácido 13-clerodeno-15,16-
olídeo-18-óico, ácido copálico e o ácido 11-acetóxi-copálico. Nas condições 
avaliadas, o óleo de copaíba proveniente da região de Pernambuco (W) 
apresentou atividade citotóxica em concentrações de 6,171.10-2, para o óleo 
comercial (P) 8,344.10-2 e o da região do Pará (R) 1,385.10-4 sobre células U251. 
Conclusão: Os três tipos de óleos-resina apresentaram efeito positivo sobre a 
proliferação celular em ensaios in vitro havendo relação entre concentração e 
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Cationic and Anionic Solid Lipid Nanoparticles (SLN) in vivo toxicity. 
Radaic, A.; Mendonça, M. C. P.; de Jesus, M. B. 
 
Nanotechnology is a promising research field. Only in 2015, more than 9400 articles 
are found using the search term “nanotechnology” in “Science Direct” database. 
Among the nanotechnology applications, nanomedicine research field has lured 
attention for its potential to repair and monitor biological systems. To achieve this 
potential, several nanocarriers are being investigated, in particular, lipid 
nanoparticles. Among the lipid nanoparticles, Solid lipid nanoparticles (SLN) are 
one potential candidate for nanomedicine applications because of their 
biocompatibility and long-term stability. However, there are growing concerns 
about the toxicity of nanocarriers; in specific, the toxic profile of lipid nanoparticles 
is not completely elucidated. Therefore, in this work, we decided to compare the 
in vivo toxicity of cationic solid lipid nanoparticles (+SLN) and anionic solid lipid 
nanoparticles (-SLN) in six-weeks-old male Wistar rats (Rattus norvegicus) (CEUA 
3985-1). Both SLN formulations were produced by microemulsion extrusion 
method and were prepared using stearic acid and Pluronic F68. +SLN (+43.8±4.6 
mV) were prepared using DOTAP lipid, while -SLN (-21.2±0.6 mV) were prepared 
using DPPA lipid. Both SLN presented similar hydrodynamic radius (+SLN 139.2±5.1 
nm and -SLN 132.6±1.7 nm). In addition, both SLN formulations were suitable for 
intravenous injection, according to the recommendation of polydispersity index 
below 0.3 (+SLN 0.24±0.01 for -SLN 0.06±0.05). To assess the in vivo toxicity of SLN 
formulations, 1mL of SLN formulation (38 mg of total lipids) was intravenously 
injected into the tail vein (n=5/group). The blood and target organs (kidney, liver, 
spleen and lungs) were examined at 6, 24 and 48 hours after treatment. SLN 
formulations showed no alterations in hematological parameters (red blood cells 
count, hemoglobin, hematocrit and platelets counts), neither in serum levels of 
blood urea nitrogen, creatinine, aspartate and alanine aminotransferase, bilirubin 
and albumin. Although +SLN showed higher count for neutrophils at 24h (p<0.05), it 
returned to normal levels at 48h (p>0.05).  The histopathological examination of 
kidney, liver, spleen and lungs morphology showed none abnormality in the both 
treated groups. Likewise, neither SLN formulations were able to 
increase microvascular permeability, including in the brain. In conclusion, the 
cationic and anionic solid lipid nanoparticles produced did not cause toxicity in rats 
under the experimental conditions of this study. Thus, the concentration tested (38 
mg of total lipids) is safe for nanomedicine applications of both SLN formulations.  
 
Keywords: Solid Lipid Nanoparticles; SLN; Cationic SLN; Anionic SLN; In vivo 
toxicity 
 










































































































Anexo I – Declaração de não envolvimento com pesquisa em seres 






































Anexo II – Declaração de não infrigimento de direitos autorais 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
